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Abstract 
An advanced system was developed for the intelligent, self-optimising 
computer numerically controlled grinding of compliant, thin walled cylinders. A study 
was made of previous developments in the adaptive control of grinding processes. 
Requirements imposed on the design of computer control systems by the 
implementation of adaptive control techniques were considered. A manually controlled 
centreless grinding machine was automated and the mechanical capabilities of the 
machine were extended so that productivity was limited by process rather than machine 
constraints. In-process measurement was implemented to allow a control system to 
account for variations in process conditions. 
Experimental work performed with highly compliant workpieces exposed 
problems of process control that were accounted for by machine cycle design and 
process optimisation. It was considered that the improvements in productivity 
achieved by maximising material removal rates were limited for highly compliant 
workpieces. Therefore, a requirement for improving productivity through the design 
of appropriate machine cycles was identified. The design of a novel machine cycle 
eliminated the need for separate rough and finish grinding operations whilst allowing 
the control system to compensate for the high level of system compliance that was 
experienced. The benefits and disadvantages of the new machine cycle design were 
revealed by comparing the performance of the automated machine with that of manually 
operated machine tools. 
A conceptual framework for an intelligent control system was created that 
combined process models, learning strategies, process measurement and adaptive 
control techniques with an economic data base. The conceptual framework was used 
as a basis for the development of strategies that improved productivity when grinding 
highly compliant workpieces by the centreless grinding process. A control system was 
developed which successfully demonstrated the benefits of the approach. 
The control system was implemented within a commercial C. N. C. system and 
was put into production on the shop floor. A modular approach to the design of 
intelligent control systems for grinding processes is defined. 
Nomenclature 
a Workplate angle (°), average heat transfer coefficient (J/m2/s/°C) 
as Grinding wheel thermal diffusivity (m/s) 
aW Workpiece wheel thermal diffusivity (m/s) 
P Included angle (°), vertical control wheel skew angle (°) 
a Horizontal control wheel skew angle (°) 
xs Grinding thermal conductivity (W/mK) 
? Workpiece thermal conductivity (W/mK) 
9 Workpiece temperature rise (°C) 
Om* Critical temperature ((C) 
ti System time constant (s) 
uo(t) Rotational speed (rad/s) 
S2 Cooled workpiece area (m2) 
ar Chip shape ratio (dimensionless) 
a Depth of cut (mm) 
b Wheel width (mm) 
ds Grinding wheel diameter (mm) 
dW Workpiece diameter (mm) 
de Effective diameter (mm) 
ec Specific energy (J/mm3) 
ec* Critical specific energy (J/mm3) 
Fn Normal force (N) 
Ft Tangential force (N) 
k Filter constant (dimensionless) 
K Percentage grinding energy entering the workpiece (dimensionless) 
Kt Total system stiffness (N/µm) 
Km Machine stiffness (N/µm) 
KW Workpiece stiffness (N/µm) 
Id Grit spacing (mm) 
1g Geometric contact length (mm) 
le True contact length (mm) 
P Power (W) 
Pmax Maximum machine power (W) 
PnS R. M. S. power (W) 
R Workpiece energy partition ratio (dimensionless) 
tg Total grinding time (s) 
td Dwell time (s) 
Vm Mean chip volume (mm3) 
of Infeed rate (minis) 
vgp Programmed infeed rate (mm/s) 
Vfj True infeed rate (mm/s) 
VS Grinding wheel speed (m/s) 
vtotal Total volume of material removed (mm3) 
VW Work speed (m/s) 
AvW Work speed increment (m/s) 
Vrms R. M. S. voltage (V) 
Xd Diameter reduction during dwell time (mm) 
xi System deflection (mm) 
Xi True infeed position (mm) 
Xos Overshoot infeed position (mm) 
XT Target workpiece diameter (nun) 
Z Removal rate (mm3/s) 
Z' Specific removal rate (mm3/mm/s) 
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Chapter 1. Introduction 
1.1 Project background 
Workpiece quality and production rate vary due to changes in grinding 
conditions [1]. Grinding conditions vary primarily due to grinding wheel wear. Other 
factors affecting the process include the varying condition of the coolant, workpiece 
material and workpiece dimensions. The purpose of the project was to test the concept 
of an intelligent control system that responded to changes in grinding conditions 
through incorporation of suitable control strategies. The basic structure of an 
intelligent control system was proposed by Rowe [2] and a schematic diagram of this 
structure is given in Figure 1. The proposal for a control system structure was referred 
to as the 'conceptual framework'. 
Input routines 
Data base structure 
The conceptual framework provided a starting point for the development of 
ideas and concepts that related to intelligent control systems. A template for the design 
of intelligent control systems was provided by the module framework definition. A 
key feature of the project proposal was the requirement for the integration of a data 
base with process modelling, real-time data acquisition, learning strategies and adaptive 
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control. Specification of a communications protocol for control system modules was 
required in order to simplify development and testing of new modules. 
Other workers have investigated the application of adaptive control techniques 
to metal cutting processes in order to provide process control and error compensation 
[3-4]. Improvements in grinding efficiency, workpiece size and form accuracy were 
benefits claimed from adaptive control of the grinding process [5-11]. A variety of 
models of the grinding process have been proposed as a basis for adaptive control. 
Gao [12] suggested that these models were based on either physical laws [12-15] or 
observed grinding data [ 16]. However, there has been little consideration given to the 
creation of a modular control system framework that permits flexible integration of new 
or improved process models and adaptive strategies. 
The industrial collaborator, GKN Sheepbridge, is a large scale manufacturer of 
cast iron cylinder liners for use in the automotive industry. The external and internal 
diameters of the cylinder liners were rough turned before separate rough and finish 
grinding of the external diameters on centreless grinding machines. Due to the large 
element of the manufacturing process that incorporated centreless grinding and the 
number of centreless grinding operations required it was reasoned that productivity 
would be greatly improved by the proposed control strategies. The thin walled 
cylinder liners produced by GKN were highly compliant and thus the manufacturing 
process provided a demanding test for the developed strategies. It was also found that 
the lathes used in the rough turning process permitted large variations in size and 
compliance between individual workpieces prior to grinding. 
GKN provided a manually controlled Cincinnati No. 3 centreless grinding 
machine for the project of the type on which the cylinder liners were currently 
produced. Experience within the University had been gained previously from the 
mechanical development of a Wickman research machine tool for high speed grinding. 
This experience formed the basis for believing that significant improvements in 
productivity could be achieved. 
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As GKN intended to use the developed machine tool for production it was 
essential that the control system was capable of performing reliably in a hostile shop 
floor environment and that support was available at the end of the three year project. 
Commercial control system equipment to industrial specification was therefore 
selected. 
OSAI A-B supplied two 8600 MC/TC C. N. C. systems for the project. The 
8600 C. N. C. was a general purpose machine tool control system. Such control 
systems are fitted to a large number of C. N. C. controlled lathes and milling machines. 
One 8600 C. N. C. system was provided for the Cincinnati No. 3 machine tool. The 
second 8600 C. N. C. system was provided for the Wickman machine and for the 
development of control system software. 
1.2 Aims and objectives 
The aim of the project was to design and develop an intelligent control system 
structure employing strategies that could be applied to a range of grinding processes. 
The control strategies were to be selected with a view to optimising process 
productivity. Advantages arising from the integration of process modelling and real- 
time data acquisition with learning features were to be investigated. Particular 
requirements were to compensate for changes in grinding conditions arising from 
variations in workpiece material and grinding wheel wear. It was required to determine 
whether an intelligent control system could improve productivity over that achieved by 
a manually controlled machine tool whilst maintaining or improving standards of 
quality. A constraint on the control strategies to be employed was that any machine 
control and monitoring systems employed were to be economically justified. 
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1.3 The scope of the investigation 
A modular control system for the intelligent control of grinding processes was 
designed and implemented. The control system was used for the development of 
appropriate strategies for improving productivity when grinding highly compliant 
workpieces by the centreless grinding process. The work formed part of an SERC 
collaborative research project involving The Liverpool John Moores University, The 
University of Liverpool, GKN Sheepbridge and OSAI A-B. 
A study was made of previous developments in adaptively controlled grinding. 
Decisions were taken as to the relevance of existing technology for general application 
to grinding processes including the particular case of the centreless grinding process. 
The specification of the computer control system was considered. Of particular 
importance was the ability to integrate the intelligent control system structure within the 
computer control system. It was concluded that to be successful the control system 
must be capable of being embodied in a product that could be commercially supported 
world wide. 
From a consideration of the requirements of the centreless grinding process and 
available technology, a basic conceptual framework was proposed for the intelligent 
control system. In the light of experience gained during the project this concept was 
further developed and forms a basis for transfer of the technology to other grinding 
processes. The essential attributes of a conceptual framework are discussed and the 
framework is used as the basis for the design and implementation of the intelligent 
control system developed. The conceptual framework was considered and defined in 
terms of the essential elements. Further developments were proposed. A substantial 
part of the work was concerned with structuring the system elements so that the 
strategies could be accommodated within the capability of the controller. A set of 
priorities was established for the various controller functions. This set provides a 
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guide that can be applied by future designers of intelligent controllers for grinding 
process control. 
The experience gained from earlier work on the Wickman research machine 
was used to extend the mechanical capabilities of the GKN machine so that 
productivity was limited by process rather than machine constraints. The machine 
modifications included the provision of a high power grinding wheel drive, a variable 
speed control wheel drive and a servo-controlled infeed mechanism. GKN also 
provided a large number of cylinder liners to allow system trials to be performed on 
workpieces of the type manufactured. 
Initially the two machine tools were re-wired and interfaced to the computer 
control system. System trials were undertaken at subsequent stages of system 
development. Experimental work exposed problems of process control that were 
largely overcome by appropriate feed cycle design and optimisation for highly 
compliant workpieces. To compensate for the large deflections experienced when 
grinding cylinder liners an assessment was made of possible approaches using a 
combination of compliance modelling and data acquisition techniques. A pecking cycle 
was proposed and found to be successful in eliminating the need for separate rough 
and finish grinding operations. The pecking cycle also made it possible to overcome 
the problems of in-process size measurement and in-process temperature rise. The 
machine tool and control system were introduced to the shop floor. An evaluation of 
the automated machine performance revealed the benefits and disadvantages compared 
to manual operation. 
Technological advances achieved in this work include identification of the 
requirements for a commercially successful, intelligent automation system and the 
translation of a basic conceptual framework into an essentially realisable structure for 
centreless grinding of highly compliant workpieces. These advances required an 
analysis of control system requirements and a specification of functional priorities. 
Furthermore, a novel approach to the design and implementation of a feed cycle 
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capable of coping with the technological difficulties of in-process size measurement 
and temperature growth of the workpiece was produced. Implementation and 
evaluation of the above principles were performed in a practical system. 
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Chapter 2. Review of the centreless grinding process 
2.1 Centreless grinding . machine geometry 
Generally, it is necessary to clamp a workpiece to the machine tool on which it 
is to be machined. Therefore, a computer control system is able to control the size of a 
workpiece by positioning the machine tool axes relative to a machine datum position. 
In the case of cylindrical grinding machines the workpiece is supported between 
centres and the relationship between the machine datum position and the centre of the 
workpiece is fixed. 
However, on a centreless grinding machine the workpiece is supported by a 
tungsten carbide tipped work support plate and a rubber control wheel. The control 
wheel holds the workpiece against the grinding wheel surface and the surface speed of 
the control wheel governs the speed of workpiece rotation. Grinding and control 
wheel speed and direction are represented by 'vs and 'vw respectively. A diagram of 
the relationship between grinding wheel, control wheel, workpiece and workplate is 
given in Figure 2. 
VW 10,100 
-. -, 
ý., 
. -ý"ý 
Grinding wheel Control wheel 
Figure 2. A schematic diagram of the centreless grinding machine arrangement. 
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Workplace 
The position of the workpiece centre depends on the relationship between the 
grinding wheel, control wheel and workplate. The centre position of the workpiece 
changes during a grinding cycle because material is removed from the workpiece and 
from the grinding wheel. Also, deflection of the workpiece resulting from the 
workpiece compliance and grinding forces causes the workpiece centre position to 
change. There is no simple technique for deriving the nominal position of the 
workpiece centre relative to a machine datum position. Therefore, there is no reliable 
machine datum position from which a control system can accurately control workpiece 
size. Consequently, there is a requirement for in-process gauging of workpiece 
diameter. Kaliszer [17] concluded that in-process measurement of workpiece diameter 
was required to provide a control system with the ability to adjust and correct process 
parameters. Also, Rao [18] suggested that it was possible to derive grinding wheel 
wear and system time constant from in-process workpiece size measurement. 
In comparison with machine tools that require a workpiece to be mounted 
between centres there are three main advantages available to users of centreless 
grinding machines. Firstly, the loading and unloading time is typically very low and is 
easily automated. Secondly, hollow workpieces may be produced that would 
otherwise require an insert to allow clamping between centres. Finally, the centreless 
grinding process is amenable to high material removal rates. The support provided by 
the control wheel and the workplate allows heavy cuts that would deflect or damage a 
workpiece that relied on centres for positional location and support. 
Workpiece roundness is affected by the workplate arrangement due to 
geometrical effects on the stability of this highly complex process. If the machine 
geometry causes instability, lobes can appear on the workpiece surface. Although the 
process by which a particular machine geometry either encourages or corrects lobing is 
reasonably well understood, the. result of the process is not easily predictable. The 
effects of system deflections, machine setting and grinding conditions on workpiece 
roundness for grinding processes is well documented [1,8,19,20]. Rowe [21,22] 
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analysed the roundness characteristics of the centreless grinding process and proposed 
a computer simulation for predicting workpiece roundness [14]. However, general 
rules for setting the geometry of a centreless grinding machine to avoid roundness 
problems are well documented [14,23-25]. The geometry of the process is determined 
by workpiece centre height, workplate angle and work speed. The height and position 
of the workplate is usually adjusted manually according to the workpiece dimensions 
by a machine setter. Careful machine setting ensures that the workpiece centre is above 
the centres of the grinding and control wheels. It was shown [14,24] that a workplate 
angle 'a' of 30° and an included angle 'ß' between 6° and 8° was suitable for most 
purposes. 
Upper slide 
Lower slide 
Figure 3. Schematic diagram of the Cincinnati No. 3 slideway arrangement. 
In common with the design of most centreless grinding machines, the 
Cincinnati No. 3 supplied by GKN featured the compound slideway arrangement 
illustrated in Figure 3. The control wheel was mounted on an upper slideway that was 
itself carried on the lower slideway supporting the workplate. Conventionally the 
lower slide supporting the workplate is clamped in position and the infeed mechanism 
positions the upper slide so that the advancing control wheel rolls the workpiece up the 
workplate until it meets the grinding wheel. The infeed rate of the control wheel is 
represented by'vf. The geometry between the workpiece, grinding wheel and control 
wheel changes as the workpiece rolls up the workplate. The variation in geometry 
during a grinding cycle causes difficulties for in-process measurement of workpiece 
size. 
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2.2 The grinding mechanism 
A major factor affecting the performance of the grinding process in terms of 
workpiece quality and production rate is the type and condition of the grinding wheel. 
In order to maintain the required process performance a control system must 
compensate for the effects of grinding wheel wear and cater for different grades of 
wheel composition. The principal effects of the grinding wheel type and condition on 
the grinding process are on workpiece surface roughness and material removal rate. A 
grinding wheel is selected according to the requirements of the particular process. 
Grinding wheels used in the centreless grinding process comprise a large 
number of small, extremely hard and brittle grits held in a matrix of bonding material 
and separated by pores. The bonding material encases individual grits and forms bond 
bridges that separate adjacent grits. Pores between grits provide clearance for the 
coolant and the metal chips produced by the grinding action. The grade of a grinding 
wheel is referred to as 'hardness' and is a measure of bond strength and wheel 
durability. If the amount of bonding material is increased, the thickness of bond 
bridges increases and the size of pores between grits reduces. Thicker bond bridges 
hold grits together more rigidly leading to a harder wheel grade. 
To generate a cutting action from the grits the grinding wheel is rotated at a high 
speed. During the grinding cycle the workpiece is forced against the grinding wheel 
and the cutting action of the grits causes material to be removed. Each active grit on the 
wheel surface acts as a small single point tool removing a chip from the workpiece 
surface every revolution of the wheel. A grinding wheel rotating at 30 rev/s expends a 
large amount of energy as this causes the production of 30 workpiece chips per second 
per grinding wheel grit. Chips formed by this action are typically slightly smaller than 
the grits causing them [26]. Aluminium oxide grits vitrified or bonded in resin are the 
most common form of grinding wheel material. However, both composition and 
bonding technique are varied to suit the workpiece material. 
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Extended use blunts individual grits causing the abrasive surface to dull. A 
degree of self-sharpening occurs as friction, heat and forces increase [27] until a new 
cutting edge is formed. The new cutting edge is produced as either the grit fractures or 
becomes dislodged to uncover a fresh grit. Tough grits used for high material removal 
rates tend to dull until the grit dislodges. However, the point at which a grit becomes 
dislodged depends on the bond strength. The ability of a wheel to resist wear and 
remove material also depends on grit type, size and spacing. Hard grinding wheels 
tend to have small fine grits with tough bonds that give wear resistance. These types 
of wheels are normally used when high quality surface texture is required and material 
removal rate is not critical. Conversely, soft wheels with large grits and weak bonds 
are used for high removal rate applications. Although a soft wheel will wear more 
rapidly than a hard wheel, material may be removed at a higher rate and with less 
power consumption. 
A grinding wheel is normally sharpened by dressing the wheel surface with a 
diamond tipped tool. Grits are either sharpened or fresh grits are exposed by drawing 
the sharp diamond tip across the width of the rotating grinding wheel surface. The 
power and forces whilst grinding depend on a statistical average of the numbers of dull 
and sharp grits at a given point in time. 
In certain cases the rate of grinding wheel wear is of a similar magnitude to the 
material removal rate. It is therefore necessary for a computer control system to adjust 
the infeed position according to the reduction in grinding wheel size in order to 
maintain workpiece size. In-process measurement of the workpiece may be used in 
computer controlled grinding machines to account for small amounts of wheel wear 
[17,18]. 
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2.3 Effects of compliance 
The majority of computer control systems fail to make provision for machine 
and workpiece compliance. For a rigid machine tool and workpiece, removal rate is 
proportional to infeed rate and workpiece size is directly related to infeed position. 
However, machine tools and workpieces are not infinitely stiff and deflections arise 
due to cutting forces [16,28,29]. Machine elements that determine rigidity include the 
machine bed, slideways, spindles and spindle bearings. Careful machine tool design 
reduces compliance and the use of optimum grinding conditions minimises the cutting 
forces that cause deflections. Figure 4 is a schematic representation of the sources of 
compliance in the centreless grinding process. 
00 
io1 wheel 
Workplace 
Figure 4. Sources of compliance for the centreless grinding process. 
Compliance leads to the requirement for a dwell or 'spark out' period in the 
grinding process. Use of a dwell time at the end of the infeed cycle allows machine 
and workpiece deflections to relax as grinding forces fall. An increase in compliance 
causes greater deflection and requires longer dwell times in order to ensure size and 
roundness accuracy. Trmal [16] indicates that the amount of deflection experienced for 
a given value of system compliance depends upon the grinding force. Grinding 
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conditions change over time as the grinding wheel wears [1] and system deflection 
varies due to the resultant change in grinding forces. An adaptive control system is 
therefore required to account for varying system deflections whilst maintaining 
satisfactory production rates. 
2.4 Process capability 
The centreless grinding machine is suitable for high volume, high precision 
production of workpieces in a wide variety of materials [27]. Typically metal, glass 
and ceramic workpieces are produced on such machines. Understanding of the 
grinding process is available to produce adequate quality for most workpieces. 
However, the rate of material removal is often low in comparison to alternative 
processes such as turning and milling. Generally, modern manufacturing industry 
requires that both the accuracy and production rate of workpieces are continually 
improved. This requires improvements in manufacturing techniques. Often such 
improvement involves the incorporation of computer control systems. 
The purpose of grinding is normally to produce a workpiece with a higher 
degree of size accuracy, geometric accuracy and surface quality at a lower cost than is 
possible with other manufacturing processes. Size accuracy relates to the variations in 
workpiece diameter achieved whilst geometric accuracy primarily relates to roundness 
and straightness tolerances. Centreless grinding is capable of high degrees of 
geometric and surface texture accuracy. For example, Miyashita quoted values of 0.2 
µm roundness and 0.12 µm Ra surface roughness [30]. It is not unusual to achieve a 
size accuracy and repeatability of 2.5 µm. However, increasing quality requirements 
may have a significant detrimental effect on the time taken to produce a workpiece. 
Workpiece size accuracy depends on a number of factors including the 
positioning capability of the infeed mechanism. With suitable axis drives and 
positional feedback it is possible for a modern computer control system to position 
machine tool axes with a resolution of less than 1 µm. However, size accuracy is 
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affected by compliance of the machine elements and the workpiece. Also, thermal 
distortion of the machine tool introduces size control difficulties and errors occur due to 
thermal expansion of the workpiece during the grinding cycle. An adaptive control 
strategy was therefore required which would compensate for these factors. 
A tapered workpiece is produced if the control wheel is not set parallel to the 
grinding wheel when viewed from a plan view. Adjustment of the control wheel angle 
is performed either by an operator or, in some cases, by the machine tool control 
system. However, taper may be produced on compliant workpieces for reasons other 
than machine setting. The compliance of a workpiece may not be constant over its 
length due to variations in wall thickness. Therefore, taper results if grinding force and 
hence material removal varies over the length of the workpiece. Taper may be reduced 
by adjusting control wheel angle so that grinding forces are equalised over the length of 
the workpiece. 
Experimental data from the grinding of cast-iron workpieces such as those 
produced by GKN was scarce in comparison to the large volume of data relating to the 
machining of high-speed steel. However, King [31] suggested that cast-iron was an 
easy to grind material when compared with high-speed steel. To achieve the equivalent 
of cast-iron material removal rates with high-speed steel required approximately four 
times as much grinding force. Hahn [32] indicated that specific material removal rates 
of approximately 12 mm3/mm/s were possible for high-speed steel. It was therefore 
possible to deduce that specific material removal rates in the region of 48 mm3/mm/s 
were possible for cast-iron. Interpreting the limit chart for cast-iron proposed by Rowe 
[33] confirmed this deduction as specific material removal rates of approximately 37 
mm3/mm/s were achieved with appropriate grinding parameters. 
-14- 
Chapter 3. Previous work directed towards intelligent control 
Whilst a wide range of computer control systems are dedicated to milling and 
turning processes there has been limited commercial application of such systems to the 
grinding process [34]. Also, although there have been many investigations into the 
adaptive control of machining processes, adaptive control has not been applied 
previously to the centreless grinding process. However, work has been performed in 
developing techniques for intelligent control of other grinding processes. It was 
necessary to consider the relevance of this work to the centreless grinding process. 
3.1 Control of grinding processes 
Much research [4-6] has been concerned with adaptive computer control 
systems that were designed to maximise material removal rates. Improvements in 
machine tool design [34-37] have increased rigidity and material removal rates. 
However, despite these advances many centreless grinding machines remain manually 
controlled. This may be due to the fact that current automation systems for the 
centreless grinding process do not significantly reduce costs in many areas of work. 
Consequently, the sources of process variability and process optimisation techniques 
for manually controlled centreless grinding machines were considered prior to the 
design of the intelligent grinding control system. 
Typically, the following process features are considered to be relevant in 
relation to workpiece quality: 
1. Workpiece size variability 
2. Workpiece surface texture 
3. Noise level 
4. Chatter occurrence 
5. Power and force levels 
6. Temperature levels 
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A manual machine operator produces workpieces of satisfactory quality by 
continually adjusting grinding parameters and monitoring the process conditions. An 
operator with skill and experience is therefore required to produce satisfactory results 
from a manually operated grinding machine. However, operators cannot sustain high 
levels of output and productivity is lower than theoretically possible. Although process 
optimisation was considered too complex a procedure to perform intuitively, work 
performed by Shaw [10] suggested that it was not practicable to optimise the centreless 
grinding process without an operator. This premise resulted from recognising the need 
for in-process measurement of machine parameters. However, suitable sensors were 
not commercially available. Shaw proposed that an operator entered observed changes 
in process conditions into a programmable calculator. A set of pre-programmed rules 
within the calculator suggested suitable alterations to the controlled grinding 
parameters. This approach provided a manual adaptive control system. The technique 
developed was based on the optimisation of work speed in the pursuit of minimum cost 
per workpiece. 
An off-line process optimisation system for centre and internal grinding 
proposed by Malkin [38] optimised grinding and dressing parameters with a program 
running on a personal computer. The objective was to achieve maximum material 
removal rate within the constraints of workpiece burn and surface texture. The 
computer program derived new values of grinding parameters and dressing conditions 
from the operator's recordings of surface texture and grinding power. Effects of high 
material removal rates on grinding wheel wear were also considered with a view to 
either minimising costs or maximising production rate. Malkin suggested optimum 
grinding conditions involved a compromise between shorter grinding cycle times and 
more frequent wheel dressing arising from increased removal rates. Thus maximum 
material removal rate was not necessarily the optimum target for an adaptive control 
system. Increased removal rates were achieved by further work [6] that applied these 
techniques to an on-line adaptive computer control system. The developed system 
comprised a PDP-1 1/40 mini-computer interfaced to a cylindrical grinding machine. 
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Process optimisation was achieved through adaptive control of infeed rate in response 
to measured grinding power. 
Malkin's concept of an adaptive control system that provided process 
optimisation was unusual in that optimisation targets were not fixed but varied 
according to the particular process. It was considered that this concept was particularly 
valuable in the design of a generic, intelligent control system. Therefore, a conclusion 
derived from this work was that a modular control system structure should provide the 
machine tool user with a selection of suitable optimisation strategies. 
The grinding process is widely regarded as a finishing process [27] and hence 
accuracy is often the prime requirement. Forces during the grinding cycle lead to wear 
of the grinding wheel and a reduction in wheel diameter. For many grinding processes 
the effect on workpiece size accuracy of wheel diameter reduction is significant. 
Although this problem is less important in centreless grinding where large diameter 
wheels are used, accuracy is important and methods are needed to compensate for 
changes in grinding conditions that arise from wheel wear. In-process gauging 
systems are used to maintain workpiece size within close tolerances despite grinding 
wheel size reduction [17,18]. Gap elimination techniques permit reduced cycle times 
by removing the non-productive grinding time at low infeed rate that is otherwise 
necessary with a grinding wheel of indeterminate size. Automatic wheel changing and 
dynamic balancing are sometimes used in order to reduce manning levels and down 
time [34]. The application of computer control to grinding machines has become 
expensive due to the cost of these and other requirements. Also, technological 
advances in tooling for use on milling machines and lathes led to improvements in 
surface texture and accuracy that in some cases eliminated the need for finish grinding. 
A control system that relied on in-process measurement of force from a 
dynamometer mounted on a specially built cylindrical grinding machine was proposed 
by Stoten [39]. The aim of this work was to determine the 'grindability' of. various 
materials including tungsten carbide and silicon nitride. System identification was used 
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to produce transfer functions for force and infeed response that were implemented on a 
personal computer based control system. Stoten determined gain constants for a 
'proportional plus integral' controller that allowed constant force grinding to be 
achieved by continually varying the infeed rate. The performance of the system was 
responsive and stable for a variety of workpiece materials. Although the closed loop 
control approach did not provide a true adaptive system, valuable data concerning the 
grinding of ceramics was collected. The requirement for a special purpose machine 
and force dynamometer inhibited commercial adoption of the ideas proposed. 
Work performed by Hahn [29] identified normal force and grinding wheel 
sharpness as two of the most important variables in the grinding process. This was 
due to the effect of normal force and wheel sharpness on the following variables: 
1. Material removal rate 
2. Instantaneous surface texture 
3. Incidence of thermal damage 
4. Wheel wear rate 
5. Machine deflection 
Hahn noted that system deflection caused problems in the size, roundness and 
taper of internally ground fuel injection nozzles. It was proposed that control of 
normal force would allow a system to compensate for system deflection. A degree of 
artificial rigidity was achieved by using adaptive techniques to adjust the wheelhead 
position in response to changes in measured normal force. The wheelhead advanced to 
compensate for the grinding wheel deflection. Hahn considered that monitoring wheel 
sharpness made it possible to avoid thermal damage. The research suggested 
calculation of the work removal parameter as a quantitative way of measuring grinding 
wheel sharpness in real time. Work removal rate was defined as the rate of change of 
material removal rate with normal force and was measured on-line by a computer 
control system. 
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Various researchers detailed the potential benefits of controlled force grinding 
[29,32,39-41] where force was controlled either after each workpiece revolution or 
dynamically. The first approach was pursued because dynamic force control systems 
that reacted to instantaneous peaks do not correct workpiece roundness errors. 
Controlled force grinding of the centreless grinding process was discussed by 
Romanov [40]. Romanov devised a range of operating conditions for which controlled 
force grinding was claimed to correct initial workpiece out-of-roundness from 20% to 
50% faster than a conventional fixed infeed machine. 
A computer controlled adaptive force system was developed by Tönshoff [41] 
for the internal grinding process. The aim of the control system was to produce 
accurate bearing rings from workpieces that were initially out of round with reduced 
manufacturing costs. This was achieved by reducing non-productive time by gap 
elimination and optimising infeed rate. Gap elimination was used to switch from rapid 
approach to controlled feed after detecting an increase in force when the grinding wheel 
contacted the workpiece. A force control algorithm was developed that varied infeed 
rate in order to achieve constant average force per workpiece revolution. The force 
control algorithm relied on an identification cycle to determine control coefficients. As 
digital control systems can compensate for large dead times Tönshoff suggested that it 
was possible to achieve similar results more economically using grinding wheel power 
measurement as opposed to force. Clough [64] proposed such a scheme for in-line 
adaptive dead time compensation. 
A variety of plunge grinding problems were studied by Kaliszer [9,17,42] in 
the development of a multi-processor control system. Kaliszer proposed a modular, 
bus-based adaptive control system for the grinding process [42]. The aim of the 
research was to minimise machining costs for a given workpiece specification. The 
bus-based approach to computer control system design provided great flexibility for the 
specification of suitable input and output (I/O), memory requirements and processing 
power. In-process measurement of normal force, workpiece size, roundness and 
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surface texture were incorporated as feedback to the control system. Also included 
was an automatic grinding wheel balancing system driven by analog signals from a 
wheelhead mounted vibration sensor. In-process measurements were used by the 
control system to determine suitable grinding conditions and to modify the infeed 
cycle. This work was of particular relevance to the current project as it addressed 
problems of system deflection by modifying infeed cycles according to measured 
compliance. It was considered likely that such techniques would be useful for the 
development of the control strategy for the grinding of the highly compliant cylinder 
liners. 
Investigations into a number of key areas were also carried out at Liverpool 
Polytechnic [33,35] prior to the start of the project on which this thesis is based. The 
main purpose of studies by earlier researchers was the pursuit of high material removal 
rate grinding. The emphasis of the work performed involved the development of 
operation strategies suitable for use in computer control systems and was to form the 
basis of intelligent control system strategies. 
Limit charts [33] were the result of an investigation into high rate grinding of 
steel and cast-iron. The controlled grinding variables of infeed rate and work speed 
provided the limit chart axes. This was to be achieved using values of parameters that 
were derived experimentally. Typically, a limit chart illustrated the process boundaries 
represented by workpiece burn, chatter and the available grinding wheel power. It was 
suggested that as the optimum grinding condition was within the region enclosed by 
the boundaries, knowledge of the shape of the boundaries would allow a computer 
control system to optimise the process. This conclusion was consistent with a study of 
the optimisation process which found that specific energy should be minimised for 
maximum material removal rate and avoidance of thermal damage. The study also 
showed that when centreless grinding ferrous materials with aluminium oxide wheels, 
the optimum wheel speed lay in the region 45 m/s to 60 m/s. Limiting wheel speed to 
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45 m/s eliminated the need for high velocity coolant delivery. Kinematic analysis was 
proposed to duplicate optimal grinding conditions for workpieces of varying size. 
Much of the work undertaken at Liverpool in the identification of both 
kinematic parameters and limit charts was performed on a Wickman 2K centreless 
grinding machine. The machine featured high stiffness hydrostatic bearings on the 
grinding and control wheel heads and was fitted with a high power (75 kW) grinding 
wheel drive motor to allow high material removal rates. Grinding force feedback was 
achieved through differential pressure transducers connected to the hydrostatic 
bearings. The infeed mechanism was changed from a hydraulic system to a d. c. 
servomotor. Position and speed control of the infeed axis were achieved by a 
computer control system based around a BBC micro-computer. The large number of 
peripherals available for the BBC such as disk drives and I/O cards were intended to 
provide a basis for a modular control system. However, a decision was taken to 
develop the intelligent control system on a commercially available C. N. C. which led to 
the current project. 
Production machines have increasingly incorporated a variety of sensors as 
used in the research techniques described above. TI Coventry produced an angle head 
grinding machine whose features included automatic wheel balancing, gap elimination 
and a touch probe for workpiece identification. Wheel speeds in the order of 60 m/s 
were achieved on machines like the Danex Cylindrical Plunge Grinder through the use 
of hydrostatic bearings. Rolls-Royce operated an unmanned cell based on a Hauni- 
Blohm GC1200 creep feed grinding machine that featured continuous wheel dressing, 
automatic wheel changing and balancing, automatic workpiece loading and unloading 
together with wheel breakage detection. Adaptive control of grinding wheel speed, 
work speed and infeed rate was included on the Overbeck 600 Internal Grinding 
Machine. Granitan filled beds and hydrostatic slideways were used in attempts to 
improve the damping properties of the machine and reduce vibration. Internal cooling 
was used to stabilise the operating temperature of the machine. 
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Although there has been much research in the field of centreless grinding, to 
date the benefits have only slowly filtered through to industry and are mainly limited to 
expensive special purpose machines. For the technology to be accepted in industry it is 
important that new control system strategies are incorporated on commercial equipment 
with acceptable levels of reliability and support. Manufacturers of new grinding 
machines use C. N. C. systems from such companies as Fanuc, OSAI-AB and 
Siemens. Consultation with GKN confirmed that it was unlikely that a manufacturer 
would risk using a novel control system that was not based on controls from a supplier 
that could provide suitable support. Increasingly end users specify the manufacturer of 
the C. N. C. to be fitted to a new machine so as to limit the number of different control 
systems on-site. This factor further limits the number of controllers which can be 
employed. The definition of a flexible control system framework that can be 
incorporated on the hardware of a number of control systems was required. 
3.2 Process optimisation 
The intelligent control system was to comprise a modular framework capable of 
incorporating a range of process optimisation techniques. In accordance with the 
project objectives a requirement for particular process models was to be established. 
The selected process models were to be incorporated within the control system and 
strategies devised for their operation. 
Kinematic modelling was developed by Rowe [33] to account for the 
geometric effects of the grinding process and provide similar grinding conditions for a 
workpiece material with a range of workpiece and grinding wheel geometries. Control 
of grinding conditions was to be through selection of the controlled grinding 
parameters of infeed rate and work speed. Prior to a grinding cycle, values of 
kinematic parameters that described the required grinding conditions for the workpiece 
material were input to the kinematic model resource along with workpiece and grinding 
wheel geometry. On the basis of the input data the kinematic model suggested values 
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of the controlled grinding parameters of infeed rate and work speed that would 
reproduce the specified grinding conditions. 
From Rowe, kinematic parameters that described grinding conditions for a 
material at a particular grinding wheel speed were chip shape ratio 'ar' and mean chip 
volume 'vm'. The grinding wheel geometry was defined by its diameter 'ds and grit 
spacing 'Id'- Workpiece geometry data required by the kinematic model was diameter 
'dW . The kinematic model was described by the following expressions: 
Vf__ 
2 Vm Vg 
7c d, 1a2 1. 
de d dW 
ds+d,,, 2. 
dv 
vW 2a3. 
where 'de' is a parameter known as the effective diameter, 'vf is the infeed rate, 'vw' 
is the work speed and 'vs is the grinding wheel speed. 
Depending on the requirements of the machine tool user, process optimisation 
usually involves either increasing production rate or decreasing workpiece cost. Both 
production rate and minimum cost objectives are affected by the rate of grinding wheel 
wear, dressing interval and grinding time produced by the current grinding conditions. 
In the centreless grinding process employed by GKN the rate of grinding wheel wear 
was small and the dressing intervals large. Therefore, the costs and time involved in 
replacing and dressing grinding wheels were small in comparison with the costs and 
time taken by workpiece machining and handling. For the control system that was 
developed for use by GKN, optimum grinding conditions were chosen as those that 
maximised removal rate. 
The efficiency of the grinding process is defined by specific energy. Specific 
energy 'ec' is the energy required to remove a unit volume of material and is 
proportional to the grinding force [43]. A high specific energy implies a low material 
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removal rate and hence low production rate. Power 'P' and removal rate 'Z' define 
specific energy: 
ec-2 4. 
Grinding power is related to tangential force ps by grinding wheel speed 'vs': 
P=Ftvs 5. 
Removal rate is determined by depth of cut 'a', wheel width 'b' and work speed, 'vw': 
Z=abv,, 6" 
Depth of cut for the centreless grinding process is given by: 
a=nd, f 2 vv 7. 
where 'dw is the workpiece diameter and 'vg' the infeed rate. It should be noted that 
the factor of 2 in the diameter is unique to centreless grinding and results from the 
work holding arrangement. Relating tangential grinding force to specific energy by 
combining equations 4 to 7 produces: 
__ 
2F1vs 
e0 
it d,, b of 8. 
This relationship shows for a given set of grinding conditions that specific energy is 
proportional to tangential grinding force and remains so for proportional increases in 
grinding wheel speed, work speed and infeed rate. Increasing grinding wheel speed in 
isolation reduces the depth of cut required and so reduces grinding forces. However, 
as mentioned previously process efficiency, as indicated by values of specific energy 
achieved, may increase or reduce depending on other physical effects. 
Experiments performed in the centreless grinding of steel by Rowe [33] 
indicated that process efficiency is maximised with a grinding wheel speed of 50 m/s 
independently of changes in other process parameters. Limit charts described the 
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shape of the boundaries of the centreless grinding process in terms of the controlled 
grinding parameters of infeed rate and work speed. Figure 5 shows a limit chart for 
cast iron with the process boundaries of machine power, thermal damage and chatter. 
A study of the optimisation process showed that for maximum removal rate and 
avoidance of thermal damage, specific energy was minimised. For the centreless 
grinding process maximum removal rate occurred at the junction of the machine power 
and thermal damage boundaries. 
vf 
Power limit 
Burn 
Operating 
region Chatter 
vw 
Figure 5. Process limit chart for the centreless grinding of cast iron. 
Many papers suggested a relationship between the critical value of grinding 
zone temperature and the onset of thermal damage [43-45]. Thermal damage, which in 
some cases is evidenced by visible workpiece burn, is characterised in steel by 
discoloration due to oxide formation or the transformation of the surface material to 
austenite. Cracks may also appear on or beneath the workpiece surface. Material 
damage occurs under the surface and residual stresses resulting from softening or 
hardening of the workpiece can reduce service life of a machine part. To avoid burn it 
is generally necessary to increase workpiece speed, reduce infeed rate or reduce 
specific energy by using a coarser wheel dressing or by changing to a softer grinding 
wheel. It has also been shown that grinding wheel wear accelerates at the point of bum 
due to changes in grinding forces and temperature. Hence, given an optimal grinding 
wheel speed, the material removal rates will be limited directly by the available machine 
power and indirectly by thermal damage or surface roughness. 
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For the developed computer control system to avoid thermal damage it was 
considered necessary to incorporate constraints based on a process model. Use of a 
model of grinding zone heat dissipation allowed conditions to be selected which 
prevented workpiece burn when provided with sufficient in-process and material 
information. Thermal modelling has been the subject of much research to date [43-50] 
with the result that the following elements are considered to be important in the 
dissipation of heat from the grinding zone: 
1. Workpiece conduction 
2. Grinding wheel conduction 
3. Heat removed by grinding chips 
4. Coolant convection 
Heat sinks which are considered to be negligible in comparison to the above are: 
5. Kinetic energy of grinding chips 
6. Energy required to generate a new surface 
7. Residual energy imparted to the new surface 
The purpose of a thermal model is to predict the proportion of grinding energy 
dissipated through these various heat sinks and hence determine the heat flux into the 
workpiece so as to determine the maximum zone temperature. The grinding energy is 
imparted by the grinding wheel and so may be determined from the grinding wheel 
drive power after making allowances for electrical and mechanical losses. It has been 
argued that it is possible to determine the workpiece surface temperature and hence the 
energy required to burn the material [45]. Many researchers have different ideas about 
the importance of the heat sinks listed above. Whilst Outwater and Shaw [49] 
neglected beneficial effects of convective cooling in the prediction of mean surface 
temperature for dry grinding, DesRuisseaux [46] showed that such coolant effects can 
reduce grinding temperatures. Malkin [43] suggested that the specific energy of the 
grinding process consisted of chip formation, ploughing and sliding elements. 
Investigations performed by Shafto [50] predicted that in the creep feed grinding 
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process under 5% of grinding energy dissipated as heat entered the workpiece. Lavine 
[47] predicted the convective heat transfer at the workpiece surface, the proportion of 
grinding energy entering the workpiece and the resultant workpiece surface 
temperature. An experimental method of measuring grinding zone temperature in- 
process was proposed by Jianshe [48] who used the thermo-couple effects of a 
graphite impregnated wheel and workpiece to measure temperature. 
An improved model developed by Rowe and Pettit [44] was incorporated 
within the control system in order to define the position of the burn boundary of the 
limit chart. The new model was an improvement over previous work as it accounted 
for partitioning of grinding heat flux between the workpiece and grinding wheel. The 
thermal model employed was described by the following expressions: 
_L= Fas- 
vs)X+ 1 9. R vW 4 
1g = 10. 
le =1g 14.95 
I 1-0.216exp(-0.0205 ( ý, 0.331n(a))] 11. 
kvwl 
eý = Om* 
2L 
a vW 0.887 Ra 
12. 
Critical specific energy is 'ec*' and critical temperature 'Gm*'. The 'R' factor 
represents the proportion of the energy partitioned to the workpiece, 'lg' is the 
geometric contact length and 'le the true contact length. Thermal diffusivity is 
represented by 'as' and 'aW' whilst thermal conductivity is 'XS' and 'X w' for wheel 
and workpiece respectively. 
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Chapter 4. Specification of process requirements and controller 
functionality 
4.1 Process requirements 
The intelligent control system structure was to be applied to the grinding of 
highly compliant cylinder liners and the developed machine tool and control system 
were to be returned to GKN for shop floor trials. It was important to consider the 
performance of the manually operated machine tools that were in use at GKN in order 
to determine the effectiveness required of the control system strategies that were to be 
employed. The design specification of a plain cylinder liner produced at GKN by a 
manually operated Cincinnati No. 3 centreless grinding machine is given in Figure 6. 
16330 mm 
95.66 mm 90.14 mm 
Figure 6. Plain cylinder liner OP6555/A dimensions 
Table 1 lists the tolerances that were specified by GKN for production of both plain 
and flanged cast iron cylinder liners on centreless grinding machines. It was therefore 
decided that the system must be capable of producing parts within these tolerances but 
with a higher production rate. 
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Nominal diameter ± 12.5 µm 
Roundness 25 µm 
Surface texture 0.5-1.5 µm Ra 
Table 1. Workpiece production tolerances. 
A two stage grinding operation was employed in the manual process to achieve 
the tolerances specified by GKN for a finished workpiece. The grinding wheel was 
dressed before each batch of 50 rough turned cylinder liners. The settings employed 
for grinding wheel dressing were chosen to be appropriate for rough grinding of the 
cylinder liners. After rough grinding the batch of cylinders, the grinding wheel was 
dressed with settings that provided satisfactory finish grinding conditions. During a 
finish grinding cycle the operator ensured correct workpiece size by repeatedly 
removing the liner from the machine for measurement on a set of vee blocks. 
Approximately 0.5 mm of stock was removed during the rough grinding cycle and 0.1 
mm during the finish grinding cycle. 
The production rate of a manually operated centreless grinding machine can be 
used as a basis for comparison with the production rates achieved by the machine with 
the computer control system developed in this work. The production rate for a 
manually operated Cincinnati No. 3 centreless grinding machine was based on the time 
taken to produce a batch of 50 cylinder liners. Table 2 illustrates the calculation of 
production rates. The total time to produce 50 liners was 6800 s and the component 
time was thus one fiftieth of this time. 
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Operation Time/component (s) Batch time (s) 
Rough wheel dress 300 
Rough floor to floor 52 2600 
Actual rough grinding 17 850 
Finish wheel dress 300 
Finish floor to floor 72 3600 
Actual finish grinding 17 850 
Total wheel dress 600 
Total floor to floor 800 
Total grinding time 1700 
Liner floor to floor time 136 6800 
Table 2. Calculation of floor to floor time. 
The total time taken to grind a liner was therefore 136 seconds. However, only 34 
seconds (25%) of the production time was spent grinding material whilst the remainder 
of the time was used for loading, dressing, measurement and machine setting. The 
study of process conditions revealed that process improvements should aim to increase 
the efficiency of both productive and non-productive parts of the cycle. It was 
concluded that automation has the potential to effect such improvements by increasing 
removal rates and reducing the requirements for loading, unloading, measuring and 
dressing. 
The average material removal rate for a cylinder liner may be determined from 
the data illustrated in Table 3. 
Start diameter (mm) 103.6 
Finish diameter (mm) 103.0 
Length (mm) 220 
Average time taken (s) 34 
Table 3. Machine cycle data for a typical cylinder liner. 
LIVERPOOL J0, 'r+ MC;,,, 7- UNIVERSITY 
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The total volume of material removed'vtOa is simply: 
vtota1= 4 (103.62-103.02 220 = 21400 mm3 13. 
The average material removal rate 2' is derived from the volume of material removed 
and the total grinding time 'tg': 
Z=V total _ 21400 = 629 mm3 Is tg 34 14. 
Using workpiece length 'b' specific removal rate 2" may be calculated: 
Z' =b= 220 -=2.86 mm3/mm/s 15. 
Limit charts for cast-iron produced by Rowe [33] suggested that specific material 
removal rates of approximately 37 mm3/mm/s were possible before thermal damage 
occurred. From the above table it can be seen that the cylinder liners produced on the 
manually operated Cincinnati No. 3 at GKN were produced with less than one tenth of 
the material removal rate possible for the workpiece material. Thus, if it was possible 
to increase material removal rate on the manually operated Cincinnati No. 3 to 37 
mm3/mm/s, total grinding time for a liner would reduce from 34 seconds to 2.6 
seconds. The total time taken to produce a liner would then reduce by 31.4 seconds 
(23%) to 104.6 seconds. Dressing, loading and handling times would account for the 
remaining 102 seconds (97.5%) of the total time taken to produce a liner. Therefore, 
in order to improve the production rate of a manually operated Cincinnati No. 3 
grinding machine it was not only necessary to improve material removal rate but, more 
importantly, to reduce the dressing, loading, measurement and handling times. 
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4.2 Controller functionality 
A prime consideration was that the control system and machine tool were to be 
used in production by GKN (Sheepbridge) after the end of the project. Therefore, it 
was important that the computer control system hardware was supported by a 
controller manufacturer. Leading manufacturers which include Fanuc (Japan), 
Siemens (Germany), OSAI A-B (Italy), Bosch (Germany), Philips (Holland), 
Heidenhain (Germany) and Fagor (Spain) supply equipment to suit a variety of 
machine tools including lathes, milling machines, boring machines and in some cases 
grinding machines. The manufacturer of the control system used in the project, OSAI 
A-B, had a proven industrial record and provided technical support from a team of 
application engineers. 
Two alternative approaches for realisation of the control system design were 
considered. Both methods relied on a commercial C. N. C. system to provide 
elementary machine control functions such as axis control. The first approach was to 
integrate the control system design within a host computer system such as an IBM PC. 
The design of a communications interface between the PC and the C. N. C. together 
with data acquisition equipment would provide the host system with control over the 
process. An advantage of this method was that integration of the control system with 
C. N. C. systems from other manufacturers would be simplified. A schematic diagram 
of such a system is given in Figure 7. The second approach considered was to 
integrate the conceptual framework of the intelligent control system within the C. N. C. 
system itself. Advantages of integration included a reduction in the cost and the 
complexity of system hardware. It was therefore decided to integrate the intelligent 
control system within the C. N. C. 
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Transducers 
Figure 7. Schematic diagram of PC based control system. 
Integration of the control system framework within the C. N. C. system placed 
certain requirements on the computer control system hardware and software 
functionality. Principally, the ability to generate custom software for real-time 
monitoring, calculation and analysis of the values of machine tool parameters was 
necessary. A multi-tasking operating system would allow execution of normal control 
system functions in parallel with such software. It was necessary to study the features 
of such modem computer control systems in order to evaluate the suitability of such 
systems for integration with the proposed control system. The capabilities and 
performance of the OSAI A-B 8600 C. N. C. used in the project were of particular 
interest [51-56]. 
A modem C. N. C. typically interfaces with a machine tool through a wide range 
of input and output (I/O) devices. Analog outputs provide speed reference voltages to 
the machine tool axis drives. Transducers provide axis position information from a 
range of devices that include resolvers, incremental encoders, linear scales and absolute 
encoders. Analogue inputs allow monitoring of such items as spindle power 
consumption and speed. Digital inputs indicate the condition of such items as selector 
switches, push buttons, limit switches, pressure switches and thermal over-loads. 
Machine functions controlled through devices including relays and solenoids are driven 
by digital outputs. Most C. N. C. systems provide communications with a variety of 
CNC 
Digital I/O 
Machine 
system tool 
Transducers 
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protocols such as RS232 and RS485 in current use. Communications allow program 
and data transfer to and from external intelligent systems. In some cases it is possible 
to control the C. N. C. using a host computer with a suitable serial communications 
link. In order to overcome the noise and drift problems associated with analog 
electronics, the development of digitally controlled axis drives has allowed some 
manufacturers to replace analog outputs with high speed communications links. Fibre 
optics are also becoming common with uses including distributed I/O and axis control. 
The 8600 C. N. C. system comprised an operator panel and controller chassis. 
The operator panel provided the operator interface to the C. N. C. through a 12" 
monochrome CRT display, console switches, QWERTY keyboard and function 
keyboard. Figure 8 illustrates the design of the 8600 console. 
CRT 
M 
Function 
®® keyboard 
Figure 8. Control system console. 
The controller chassis was a rack system with a 'multi-bus' based backplane into 
which a variety of cards were slotted. The cards that defined the system hardware 
comprised the two logical blocks of mini-computer and process oriented hardware. A 
schematic diagram of this arrangement is given in Figure 9. 
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Figure 9. Hardware system configuration. 
The 8600 series is a multi-processor system and the number of CPU cards that 
defined the mini-computer hardware depended on the performance required of a 
particular system. Each CPU card was based on the Intel 80286 processor working in 
tandem with an 80287 maths co-processor and included an amount of both RAM and 
EPROM memory storage. Specific tasks such as axis handling, part-program 
management, video display and file handling were allocated to the CPU cards in the 
system. Each CPU could autonomously access system resources when required. 
After discussions with OSAI A-B it was determined that the standard system 
specification of two CPU cards would provide adequate performance for the 
application. The first CPU was responsible for handling system housekeeping 
functions whilst the second CPU managed the machine tool axes servo-control. 
Process oriented hardware handled the connection between the mini-computer 
and the machine tool. A number of cards catered for machine axis control, digital I/O 
management and communications. Two incremental encoder interface cards were 
specified to provide transducer inputs for the monitoring of infeed axis position, 
grinding wheel speed, control wheel speed and the dual sizing devices. Speed 
reference voltages to the infeed axis servo-amplifier, the grinding, wheel thyristor drive 
and the control wheel invertor were to be provided with a D/A - A/D convertor card. 
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Also, an A/D input was to be used to measure grinding wheel power. Machine 
functions were catered for by a single digital input/output card that provided 32 input 
and 32 output points. Also, two serial ports were available for connection to a host 
computer. A 20 slot rack was used to house the cards and allow for future system 
expansion. 
A wide range of computer control systems are applied to machine tool 
applications. Generally in such control systems a workpiece is produced by 
performing a series of moves and operations that are encoded in a 'part-program'. The 
codes and format of part-program instructions from different control system 
manufacturers typically adhere loosely to the ISO 'G code' standard. Although part- 
programs can often be created on-line with the control system, 'G code' programming 
is ideally suited for applications where a complex program is generated off-line with a 
computer using data generated by a CAD package. However, more user friendly 
methods of on-line program creation that employ graphics and menu-driven front end 
software are becoming popular. Early numerical control systems sequentially 
processed part-program commands encoded in punched tape. Although primitive and 
inflexible when compared with modern systems, such numerical control (N. C. ) 
systems are still used in industry. As computer processing power increased, computer 
numerical control (C. N. C. ) systems were employed. C. N. C. systems stored part- 
programs in memory with punched tape or other means used for off-line storage. 
Increasingly the C. N. C. market demands personal computer type features such as full 
colour graphics, simulation and dialogue programming environments. As it is 
common for one particular model of C. N. C. system to be applied to a range of 
machine tools with varying I/O requirements it is important that there is a facility for the 
machine tool builder to customise C. N. C. operation. Generally, a C. N. C. executes a 
machine logic or interface program in parallel with the part-program. The purpose of 
the machine logic program is to provide a flexible interface between machine tool I/O 
and the C. N. C. The machine logic program is usually written by a machine tool builder 
in a simple ladder or statement language. 
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The 8600 series software was characterised by a modular software organisation 
based on the ERTS-86 multi-tasking operating system. The system modules consisted 
of the operating system, the service software, the process software and the diagnostic 
software. Figure 10 illustrates the organisation of the system software modules. The 
operating system provided the interface between process software and machine 
hardware by scheduling hardware resources to different software tasks. The 
environment was a multi-tasking, real-time system where individual software tasks 
competed asynchronously for hardware resources. The operating system managed the 
competition and controlled the exchange of information between the tasks. The system 
provided two partitions that allowed process and service software to run 
simultaneously. Service software comprised three parts running in the background 
partition of the operating system. Service utilities allowed file handling and program 
editing operations and it was possible to execute service software whilst the machine 
tool was operating. 
The SIPROM Boolean programming language and environment allowed 
development of the machine logic interface for the machine tool. The SIPROM 
program could be created either on-line on the C. N. C. or off line on a PC. Diagnostic 
facilities enabled debugging of the developed machine logic. The DEBUG utility 
allowed system hardware resources such as I/O and memory to be debugged. Process 
software performed functions required for numerical control of a machine tool whilst 
running from the operating system foreground partition. Application software and 
machine logic execution were encompassed by process software. The application 
software provided the normal working process of the machine tool such as axis control 
and part program execution. Input from an operator or peripheral was also handled by 
application software. The operation of the process software was determined by a 
number of characterisation files that allowed the machine tool builder to customise the 
C. N. C. The file named FCRSYS was used to define system characterisation 
parameters such as memory allocation and device driver installation. The axis 
characterisation file AXCFIL defined the C. N. C. in terms of the number and types of 
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controlled axes and provided parameters used for control of axes. The process 
configuration file PGCFIL calibrated process data areas that encompassed such 
elements as part program variables and graphic screen memory. Machine logic 
operation was configured by file IOCFIL. Further information is available from the 
OSAI A-B 8600 MC-TC multi-process software characterisation and interface manual. 
Implementation of the conceptual framework of the intelligent control system 
structure required a detailed understanding of the 8600 software architecture. The 
control system framework was constructed principally through part-program, machine 
logic and CSI software elements interacting with each other and the C. N. C. hardware 
resources. The operating system managed communications between each of these 
elements. Sophisticated part-programming techniques were available through the use 
of the ASSET extension to the ISO standard 'G code' language. Amongst other 
functions, ASSET instructions coded into a part-program permitted a programmer to 
perform calculations, prompt the operator for keyboard input and display custom 
screens. Perhaps most importantly, the open architecture, multi-tasking operating 
system allowed integration of high-level custom software through the Custom 
Software Interface (CSI) environment. A feature of key importance for the 
implementation of the intelligent control system framework was the ability of a system 
developer to integrate CSI modules. The CSI modules allowed interaction with the 
C. N. C. operating system to an extent not possible with conventional part- 
programming languages or machine logic. This capability allowed control system 
resources to access data base structures through file handling, to provide custom screen 
displays and to perform complex mathematical operations whilst communicating with 
software at other levels in the system. CSI modules were created off-line on an IBM 
PC compatible computer using the Intel high level language PLIM-86 and assembler 
ASM-86. Once installed, a CSI module was allocated a priority and its execution 
scheduled by the operating system. 
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Figure 10. General organisation of software system. 
4.3 Conclusions 
Improvements in productivity can best be achieved with a combination of 
higher material removal rates and reduced workpiece handling times. In order to 
achieve the accuracies required of the process these objectives should be sought by 
improvements in the process and by incorporation of additional intelligence into the 
control system. Specifically, it is necessary to investigate techniques for improving the 
process so that separate rough and finish grinding operations are not required. 
Furthermore, it is important to develop suitable grinding cycles that, in conjunction 
with in-process measurement of workpiece size, are capable of accounting for 
variability in the compliance of workpieces. It was decided to aim for a 50% reduction 
in the time required for the grinding operations. 
The decision to integrate the intelligent control system within the C. N. C. 
system rather than develop a host control system based on a PC was particularly 
important. The modularity of the 8600 series C. N. C. hardware was well suited to 
integration of the control system framework. Important features were the multitasking 
capabilities of the operating system, the available processing power and the range of 
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input/output options available. For the purposes of this project the advantages of 
integration over a host system were lower hardware cost and reduced system 
complexity for the end user. This approach also required that a detailed and in depth 
knowledge of the C. N. C. system software functionality was developed. However, it 
was clear that the ability of a host PC based system to be applied to a range of control 
systems from different manufacturers would be advantageous given different project 
objectives. 
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Chapter 5. Development of system concepts 
5.1 Control system structure 
A generic control system structure for intelligent control of plunge grinding 
processes was to be devised and the developed structure applied to the centreless 
grinding process. The basic concept for such a control system was outlined at the 
outset of the project by Rowe [2]. The control system approach was described as a 
conceptual framework for intelligent control systems. A diagram of the initial 
conceptual framework is given in Figure 1. 
Rowe proposed that design and creation of a general purpose executor routine 
allowed intelligent control systems for a range of grinding processes to be developed 
quickly and in an organised manner. The executor was to provide the interface 
between a machine tool and the control system modules required for a specific process. 
It was suggested that interaction between an operator and the control system would be 
through custom designed input and output modules. Also, system intelligence was to 
be achieved through incorporation of process models operating on data stored in a 
suitably constructed data base. 
It was convenient to discriminate between the types of resource available from a 
particular control system and machine tool. Physical resources interface with the 'real 
world' and include operator input/output functions, in-process measurement features 
and machine tool control. However it was envisaged that physical resources are 
generally fixed for a particular machine tool. Logical resources perform operations on 
data and include elements such as data bases, file management and process modelling. 
The executor routine was intended to perform the following steps: 
1. Request operator input 
2. Search data base for relevant process constants 
3. Reference process models for calculation of starting parameters from process 
constants 
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4. Wait for cycle start 
5. Perform cycle whilst controlling process parameters dynamically 
6. Check process conditions achieved during cycle -power, specific energy, etc. 
7. Reference data base for calculation of improved process constants from process 
conditions and parameters 
8. Display operator output 
It was decided to refine the conceptual framework design and develop a 
definition for a structure compatible with the operation of modem micro-processor 
systems and high-level programming languages. 
Identification: 
1. Workpiece material 
2. Workpiece dimensions 
3. Grinding wheel type 
4. Grinding wheel dimensions 
Prediction: 
1. Infeed rate 
2. Work speed 
3. Grinding wheel speed 
4. Compliance 
5. Cycle positions 
Execution 
1. Perform grinding cycle 
2. Adjustment of infeed rate 
3. Adjustment of work speed 
4. Adjustment of cycle positions 
Learning: 
1. Infeed rate 
2. Work speed 
3. Compliance 
Figure 11. Example of cycle phases for centreless grinding 
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Consideration was given to the manner in which the requirements of an 
intelligent control system for the grinding process related to the conceptual framework 
described above. A conclusion reached was that a cycle performed by the control 
system comprised four basic phases of operation: identification, prediction, execution 
and learning. Although it can be argued that operation of cycle phases would be 
similar for all grinding processes it was apparent that the phases of such a cycle 
depended on the particular process in question. Figure 11 illustrates the cycle phases 
that might be considered appropriate for a centreless grinding process. 
Defining control system operation through construction of appropriate cycle 
phases for the process required that the executor was no longer the main sequencing 
element of the control system. It became necessary to perceive the executor as a 
software engine managing data transfer between control system resources and 
providing machine control functions. The implication was that operation of a control 
system could be defined by simple allocation/mapping of system resources to each 
phase of the cycle. Furthermore, it was useful to define machine control cycles as 
system resources independent of both the executor and the execution phase of the cycle 
module. By creating a library of such machine control cycles it was possible to map 
the execution phase of the cycle module to an appropriate machining cycle. 
In principle it was possible to add system resources to a library of control 
system modules and customise control system operation through development of 
suitable cycle phase maps and machine control cycles. This concept achieved the prime 
requirement of generality and flexibility for application to new processes. Therefore 
both cycle phase and machine control cycle module libraries were added to the modules 
previously defined in the control system framework. Figure 12 illustrates the revised 
conceptual framework. 
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Revised outline of the conceptual framework 
As the control system resources performed operations on data passed by the 
executor, data management was the key function of the executor. Each data item either 
stored in the data base or produced by a logical resource was allocated a unique 
identifier. Prior to performing a machining cycle the executor determined from each of 
the resources allocated in the cycle phase map the input data required and the output 
data generated by that resource. Input data to a resource was derived either from the 
data base, operator input or the output from a previous resource in the sequence. 
Similarly output data from a resource was directed to either the data base, operator 
output or as input data to another resource as required. Adoption of this approach 
ensured that modularity was maintained and development of new system resources was 
simplified. 
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The original conceptual framework definition provided learning capabilities as 
part of the executor routine operation. The principle was that process models acting on 
data base information predicted operating parameters that would produce the required 
operating conditions for the process. Subsequently the executor routine optimised the 
data base information using the information gathered through in-process measurement 
of operating conditions during a machining cycle. Central to the learning capability of 
the suggested control system structure was a requirement for in-process measurement 
and application of learning strategies. 
The consideration given to related processes in earlier chapters led to the 
conclusion that available in-process measurement systems varied according to the 
process and that the objectives of learning strategies for such systems were not 
defined. It was therefore decided to remove the in-process measurement and learning 
elements from the executor routine and to include them as additional system modules. 
This approach simplified both development of new learning strategies and 
incorporation of varied in-process measurement devices. Also, the in-process 
measurement resources were then available for use by other system modules. The 
adoption of this strategy was therefore consistent with the developing conceptual 
framework. 
The approach was extended to include the real-time control or adaptive elements 
of the system. Real-time control of operating parameters required the combination of 
an adaptive strategy employing in-process measurement of operating conditions with 
the ability to decide how to adjust the operating parameters in order to maintain the 
required operating conditions. It was concluded that adaptive strategies varied 
according to the specific process in the same manner as the learning strategies 
described earlier. To maintain flexibility it was therefore essential that the adaptive 
control elements of the system were constructed as logical system resources and 
included in an individual system module. 
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In any manufacturing system the safety element must be considered. In line 
with the development of the conceptual framework and to provide flexibility it was 
decided to incorporate system safety strategies within a further system module. Two 
types of safety strategy were identified. In the first case the executor passed values of 
parameters produced by other system modules, including operator input, to the safety 
module to ensure that the values were within an acceptable range. This approach 
ensured that calculated operating parameters such as infeed rate were limited to safe 
values for a particular process. The operation of the second type of safety strategy was 
defined as a result of a requirement for the system to modify operating parameters in 
real-time under conditions detected by in-process measurement. For example using 
this type of strategy it was possible to reduce infeed rate in response to overload of the 
grinding wheel drive. The system safety module was therefore included in the new 
conceptual framework illustrated in Figure 13. 
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strategies 
Cycle module Adaptive 
Identification Executor 
strategies 
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Execution 
Machine 
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Operator output 
Figure 13. Developed outline of the conceptual framework 
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In order to preserve system modularity, each of the control system framework 
modules existed conceptually as an autonomous function. However, it was realised 
that in practice a module could comprise software operating at and communicating 
between a variety of levels within a system. Indeed the multi-layer, multi-tasking 
operating system employed on the OSAI A-B 8600 C. N. C. required that the 
framework modules were distributed between the part-program, SIPROM and CSI 
environments with the system providing communication between the environments. 
Implementation of the structure described above on the 8600 C. N. C. required 
incorporation of the new conceptual framework design within appropriate levels of the 
8600 system software. Figure 14 illustrates the interaction between the various system 
software levels. 
ISO part - program 
+ CSI Routines 
ASSET utility 
H 
Siprom Process 
machine interface software 
Machine tool 
Figure 14. Interaction between the 8600 system software 
The executor was written as a complex part-program that interacted with the other 
levels of the system software. For example, machine cycle control functions were 
designed as parameterised part-program sub-routines. Parameters defining axis 
positions, feed rates, wheel speeds, etc. were assigned values by the executor function 
both prior to and during execution as required. Additions to the ISO standard part- 
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program language instructions -provided by the ASSET utility, allowed incorporation 
within part-programs of operator input through the keyboard and output through the 
screen. Computationally intensive logical resources including real-time screen 
displays, process models, learning strategies and adaptive strategies were implemented 
in the CSI environment using modules written in PLM/86 and ASM-86 [57,58]. A 
data base was constructed for storage of system data using a number of cross- 
referenced formatted files stored in part-program memory. Physical resources 
requiring machine operations were accessed from part-program instructions via the 
process software for axis control and through SIPROM interface software for 
management of digital inputs and outputs. 
Application of the control system structure to intelligent control of the centreless 
grinding process required the creation of particular system resources that were accessed 
by the identification, prediction, execution and learning phases of the cycle. The 
executor processed a typical cycle as follows. An operator selected the current 
workpiece description, material, coolant, grinding wheel and cycle type from the 
library of those available. The identification phase of the cycle required in-process 
measurement, machine tool control and operator input resources to identify the 
workpiece to be machined. The prediction phase utilised process model and safety 
resources to generate controlled grinding parameters that produced safe grinding 
conditions. The execution phase performed a grinding cycle whilst operating on 
adaptive, process model, process measurement and machine tool control resources. 
The learning phase required process model and process measurement resources in 
order to evaluate the previous grinding cycle. All resources operated on data passed by 
the executor and the outputs from each resource were verified by the safety module. 
Figure 15 illustrates resources accessed by the phases of a typical cycle module. 
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Figure 15. Phase resources for the centreless grinding process 
5.2 Integration of process models 
The system was designed to provide a generic approach to optimisation of the 
centreless plunge grinding process. Process optimisation was achieved through a 
combination of process modelling and optimisation strategies. The control system was 
required to optimise grinding conditions through selection of suitable values of the 
controlled grinding parameters of infeed rate, work speed and grinding wheel speed. 
Although most researchers considered maximum removal rate to represent grinding 
process optimisation it was also important to consider production rate and cost per 
workpiece. 
In the particular case of the highly compliant cylinder liners produced by GKN, 
production rates were limited by system deflection and correspondingly low removal 
rates. Optimisation of grinding conditions produced only small improvements in 
production rates and consequently process optimisation relied mainly on incorporation 
of process models and strategies that allowed the system to compensate for system 
compliance and thus reduce the number of grinding operations. 
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Parameter Identifier 
Workpiece wi 
Description Text string 
Internal diameter dinternal 
Initial diameter dinitial 
Target diameter dtarget 
Length b 
Index to material mj 
Table 4. Workpiece data. 
Parameter Identifier 
Material mj 
Description Text string 
Chip shape ratio ar 
Mean chip volume vm 
Optimum grinding speed vs opt 
Table 5. Material data. 
Parameter Identifier 
Grinding wheel Gk 
Description Text string 
Wheel diameter ds 
Grit size - grit spacing Id 
Maximum rated speed vs max 
Table 6. Grinding wheel data. 
A kinematic model [33] was incorporated within the intelligent control system 
structure. The purpose of this model was to predict values of infeed rate and work 
speed that reproduced known grinding conditions for varying workpiece and grinding 
wheel geometries. The expressions that defined the kinematic model are listed in 
Chapter 2. The model required empirically derived kinematic parameters 'ar' and 'vm' 
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for the specified material and information concerning the grinding wheel and workpiece 
geometry. Consequently, the information shown in Tables 4 to 6 was stored in the 
control system data base. 
The relatively small amount of data required by kinematic modelling ensured an 
efficient, economic data base for the control system. The kinematic model resource 
comprised a CSI module written in a combination of PLM-86 and ASM-86 sub- 
routines. Values of infeed rate and work speed were determined according to the 
kinematic expressions 1 to 3 from Chapter 3. 
A model of grinding zone heat dissipation was integrated within the control 
system structure. The purpose of this thermal model was to ensure that material 
removal rates produced by the optimisation strategies were not sufficient to cause 
thermal damage to the workpiece. The thermal model employed [44,45] is described 
by expressions 9 to 12 and required the information described in Tables 7 and 8 for 
each of the materials, grinding wheels and workpieces in the data base. 
Parameter Identifier 
Material mj 
Thermal conductivity %W 
Thermal diffusivity 
aW 
Critical temperature Om* 
Table 7. Thermal data for workpiece material. 
Parameter Identifier 
Grinding wheel Gk 
Thermal conductivity %S 
Thermal diffusivity 
as 
Wheel diameter ds 
Table 8. Thermal data for grinding wheel. 
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A CSI module was created using a combination of PLM-86 and ASM-86 sub- 
routines that calculated the values of critical specific energy for a particular combination 
of workpiece, material and grinding wheel. The CSI module was implemented as a 
process model resource within the control system framework. 
Figure 16 illustrates a conventional plunge grinding cycle and indicates the 
manner in which the workpiece diameter reduction lags behind the true infeed position 
due to the system deflections caused by grinding forces [9,16]. The workpiece 
diameter reduces towards the required target diameter XT during the dwell period 'td'. 
I 
XT 
Figure 16. Illustration of conventional plunge grinding cycle with dwell. 
In order to reduce the lengthy dwell times required for highly compliant 
workpieces to reach target size it was decided to replace the target position employed in 
the conventional grinding cycle with an overshoot position. Use of an infeed 
overshoot position XOS' leads to a build up of strains within the distorted workpiece 
allowing larger grinding forces and increased material removal rates during the dwell 
period [16,59]. Figure 17 illustrates a fixed overshoot grinding cycle. 
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Figure 17. Relationship between programmed and actual infeed positions. 
It was necessary to design a compliance model that predicted the overshoot 
position for a given value of system compliance. The overshoot position would be 
calculated so that the required amount of material would be removed from the 
workpiece during the infeed and dwell phases of the grinding cycle. 
The combined effect of system compliance and grinding forces is characterised 
by the time constant 'ti' [60]. Over a number of grinding cycles a grinding wheel 
becomes dull and grinding forces increase. System deflection depends on grinding 
forces and a dull grinding wheel leads to an increase in deflection, an increase in 
system time constant and a deterioration in surface texture. Thus, for a given 
workpiece type, system time constant provides a measure of grinding wheel sharpness. 
To ensure the minimum time is spent dressing the grinding wheel it is important to 
ensure that the grinding wheel is dressed only when necessaryto restore wheel form or 
workpiece surface texture values. 
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From Trmal [ 16], the grinding force ratio 'F ' is typically 0.5. Therefore an 
Fn=2 P 16. 
v$ 
The system stiffness 'Kt'may then be derived: 
Kt= 2P 17. 
VsVft 
approximate value of normal force ?n may be obtained [31]: 
where 'vf t' is the steady state deflection experienced at the force 'Fn. Given a value 
of time constant, derivation of the value of system stiffness permits calculation of 
system deflection. 
30 
ä 
25 
P] 
20 
P2 
15 
v 
m 
0 T1 10 12 20 
time (s) 
Figure 18. Grinding power during the dwell period. 
The time constant may be determined by monitoring the exponential power 
decay during the dwell period. It is assumed for this purpose that the normal grinding 
force coefficient is constant during the dwell period, so that power is proportional to 
the depth of cut. The system time constant may be defined as [16] : 
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p 
P . 12 18. 
ti Tl-T2 
where P1, P2, Ti and T2 are as shown in Figure 18. 
Assuming a programmed infeed rate 'vfp' the system deflection 'xi' at time 't' 
is obtained from equation 19 [28]: 
xi=vf t(1-e()) 19. 
Steady state deflection occurs after an infeed time of approximately three time 
constants. Therefore, for infeed times less than three time constants the depth of cut 
and hence material removal rate is limited by system time constant. The actual material 
removed from the workpiece after grinding time 'tg' may be derived from the 
expression for true infeed position 'Xi': 
Xi tg -xi=vfp tg - vfptiG - eUk 20. 
At the commencement of the dwell period the system deflection and hence the 
demanded depth of cut is equivalent to a step input to the programmed position. Thus, 
workpiece diameter reduction 'Xd during a dwell period is given by the equation: 
Xa=Xi (i-4: rl)) =vfp T(1-e(T))(1-e(T)) 21. 
where 'td' is the dwell time. It was necessary to devise a technique for calculating the 
grinding time that ensured the sum of 'Xi' and 'Xd' was equal to the required material 
removal 'XT': 
XT=Xi+Xd=Vfptg-Vgpti(1-e(. 
tiI)+Vfpr(1-elf 
)(1-e 
)) 
22. 
Solving the above expression for grinding time 'tg' was complex and so a bisection 
algorithm was designed and employed within the process model modules. A flow 
chart describing this algorithm is given in Figure 19. The calculated grinding time was 
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found to converge to sufficient accuracy within four or five iterations. From grinding 
time the overshoot position Xps' was derived as a function of the infeed rate. 
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iN 
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Figure 19. Flowchart for the calculation of grinding time. 
The modelling of system compliance may be of little benefit if the compliance 
of individual workpieces varies significantly or system time constant varies rapidly due 
to changes in grinding conditions. In such a case the predicted overshoot may produce 
an out of tolerance workpiece. It was decided to analyse the effect of an error between 
actual and assumed values of system time constant. Figure 20 illustrates the overshoot 
target positions that are predicted by the compliance model for a typical grinding cycle 
with a dwell time of 10 s and an infeed rate of 0.1 mm/s. Predicted overshoot position 
is displayed against a range of values of system time constant for material removals of 
0.3 mm, 0.15 mm and 0.05 mm. The graph indicates that a 5% error in the value of 
time constant results in an overshoot position error of approximately 25 µm when 
removing 0.3 mm of material. However, the error in overshoot position when 
removing 50 µm of material is approximately 5 µm for the same error in time constant. 
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Therefore, it can be inferred that errors between assumed and actual values of system 
time constant affect overshoot position less with lower material removals. 
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Figure 20. Variations in target position for varying time constant and material removal. 
It was necessary to consider the effect of an error in overshoot position on 
material removal. Figure 21 illustrates the material removal predicted by the compliance 
model for a typical grinding cycle with a dwell time of 10 s and an infeed rate of 0.1 
mm/s. Predicted material removal is displayed against target overshoot position for a 
range of values of system time constant. The graph indicates that the error in material 
removal that arises from an error in overshoot position is less than the overshoot 
position error. Also, errors in overshoot position have proportionally less effect on 
material removal for higher values of time constant. 
Therefore, for highly compliant workpieces with values of time constant that 
vary from the average value by 5% it would be expected to experience an error in 
workpiece size of somewhat less than 5 µm when removing 50 µm of material. As the 
control system positioned the infeed axis to 4 µm it was apparent that variations in time 
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constant of 5% would have little effect on workpiece size. In order to produce 
workpieces of the required diameter it was preferable to determine the most accurate 
value possible of time constant before performing a finishing cycle. The material 
removed during a finishing cycle should be chosen to be small enough that the 
estimated workpiece error arising from the expected variations in time constant is 
within the required tolerance. 
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Figure 21. Variations in material removal for varying target position and time constant. 
Workpiece roundness is controlled principally by dwell period. The infeed 
overshoot predicted by the compliance model varies inversely with changes in dwell 
time. Despite longer cycle times, increasing dwell time allows more time for 
workpiece rounding up and reduces workpiece distortion caused by overshoot. The 
workpiece rounding mechanism is well documented [8,14,20,21,23,60]. Figure 22 
illustrates that target overshoot position and hence final workpiece size is less sensitive 
to changes in system time constant when longer dwell times are used. The value of 
dwell should be chosen to minimise cycle times whilst providing the demanded degree 
of workpiece roundness. 
-58- 
0.25 
- 0.20 E 
E 
C 0 
0.15 
ä 
rn 
0.10 
0.05 
0.00 
Time constant (s) 
Figure 22. Effects of time constant on target overshoot position for varying dwell 
times. 
The compliance model was incorporated within the intelligent control system 
structure to allow prediction of infeed overshoot position for given cycle parameters. 
Table 9 lists the parameters required by the process model for calculation of overshoot 
position. The compliance model resource comprised a CSI module written in a 
combination of PLM-86 and ASM-86 sub-routines. 
Parameter Identifier 
System time constant ti 
Programmed infeed rate Vfp 
Programmed dwell time td 
Workpiece material removal XT 
Table 9. Input data for the compliance model. 
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5.3 Strategies for optimisation of grinding conditions 
The controlled grinding parameters for both the Cincinnati No. 3 and Wickman 
2K centreless grinding machines were infeed rate, work speed and grinding wheel 
speed. However, many commercial machines either have fixed grinding wheel speeds 
or operate at the maximum rated speed of the grinding wheel for safety reasons. Also, 
it was shown [33] that optimum grinding wheel speeds existed in centreless grinding 
for cast iron and easy to grind steels. For these reasons and to avoid over complication 
of the developed control system it was decided that a simple rule should be employed 
to select grinding wheel speed. The rule dictated that grinding wheel speed was set to 
the optimum speed for the material unless that value exceeded the maximum allowable 
speed of the grinding wheel specified by the manufacturer. 
Limit chart theory, suggested by Rowe [33], was employed in the developed 
control system to provide a method for optimising grinding conditions. Limit charts 
describe the boundaries of the centreless grinding process in terms of the controlled 
grinding parameters of infeed rate and work speed. Figure 5 shows a limit chart for 
cast iron with the process boundaries of machine power, thermal damage and chatter. 
A study of the optimisation process showed that for maximum removal rate and 
avoidance of thermal damage, specific energy was minimised. 
For the centreless grinding process maximum removal rate occurred at the 
junction of the machine power and thermal damage boundaries. The maximum power 
available from the machine tool was determined by the type of grinding wheel drive 
motor fitted. Measurement of machine power consumption by the control system was 
therefore used to provide an indication of the distance to the machine power boundary. 
The values of the controlled grinding parameters of infeed rate and work speed were 
fixed during a grinding cycle. This ensured that changes in grinding conditions were 
minimised for an individual workpiece. After each grinding cycle the control system 
adjusted the controlled grinding parameters according to the power and specific energy 
achieved. 
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Equation 4 indicates that increased removal rate requires a proportional increase 
in power consumption. Therefore, assuming a rigid machine tool and constant 
grinding conditions, infeed rate is proportional to power consumption. Based on this 
assumption a rule was developed that used the value of infeed rate 'vf to approach the 
machine power boundary 'Pmax' using the following expression: 
Vf = of old 
f1+k (1; ax - 1)) 23. 
where 'P' is the power achieved during the grinding cycle that was performed using 
infeed rate 'vf old'. A value of constant 'k' between 0 and 1 smoothed the adjustments 
made to infeed rate to account for process and workpiece variations. Due to the wide 
variation in the size and compliance of cylinder liners supplied by GKN it was decided 
to use a 'k' value of 0.2. Higher values of 'k' provide a more dynamic system suitable 
for workpieces with less variable compliance. 
However, the position of the thermal damage boundary was not available from 
a machine input and its position was required to be inferred from the thermal model. 
Approach towards the thermal damage boundary was controlled by adjustments to the 
controlled grinding parameter of work speed 'v w'. The change in specific energy that 
was achieved after a change in work speed was dependent on grinding forces achieved 
during the grinding cycle. Therefore, for a given infeed rate it was not practical to 
calculate a value of work speed that placed the grinding conditions at the boundary of 
thermal damage. 
To approach the thermal damage boundary predicted by the thermal model, the 
developed control system varied work speed in fixed increments. If the value of 
specific energy achieved during a grinding cycle was less than the predicted critical 
specific energy, work speed was reduced by an increment. The work speed increment 
'Avw' was chosen to provide a satisfactory optimisation rate whilst providing an 
element of smoothing to account for process and workpiece variations. From 
experience it was possible to program a rule for minimum safe work speed below 
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which roundness problems were encountered. Similarly, a value of maximum work 
speed was used to prevent chatter problems. These additional boundaries were 
incorporated into the process model in the form of 'rules'. After reducing 'vw a check 
was performed to ensure that the value of critical specific energy predicted by the 
thermal model was not increased. However, as process efficiency is not highly 
dependent on'vw it was decided to rely on a safe distance from the bum boundary. 
The strategy for optimisation of grinding conditions produced improved values 
of the grinding parameters of infeed rate and work speed after each grinding cycle. 
Figure 22 illustrates the optimisation process. 
Optimum condition 
Vf 4- Starting condition 
Burn R` Power 
Chatter 
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Figure 22. Optimisation of grinding conditions through adjustment of infeed rate and 
workpiece speed. 
A learning strategy was employed to ensure that the improved grinding 
conditions were duplicated for other workpieces of the same material. This was 
achieved using the kinematic model to calculate new values of the kinematic parameters 
chip shape ratio 'ar and mean chip volume 'vm'. These kinematic parameters were 
determined from information in the data base concerning grinding wheel and workpiece 
geometry together with the improved grinding parameters of infeed rate and work 
speed. The materials file of the data base was updated with the new values so that 
improved grinding conditions were stored. Using this technique it was possible to 
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learn grinding conditions for a new material given suitable starting values of kinematic 
parameters. A flow chart of the optimisation process is given in Figure 23. 
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Figure 23. A flow chart of the grinding condition optimisation process 
5.4 Machine cycle strategy design 
In parallel with the incorporation of process modelling and learning strategies 
within the new control system conceptual framework it was necessary to design a 
machine control cycle for production of the highly compliant, cast iron cylinder liners 
produced by GKN. In a conventional grinding cycle the infeed mechanism starts at a 
'home' position and approaches a workpiece at rapid traverse rate before reducing to 
the grinding infeed rate at a preset safety position termed the high speed break point. 
In some cases the high speed break point may be determined in-process by a gap 
elimination device as discussed in Chapter 3. The infeed is then driven to a target 
position corresponding to the required workpiece diameter at the programmed grinding 
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infeed rate. Generally the infeed remains at the target position for a dwell time in order 
to allow system deflections to reduce and correspondingly workpiece diameter to 
approach the required value. The dwell time may be either fixed or subject to a signal 
indicating that the workpiece size has been achieved from an in-process workpiece 
sizing device. After the dwell period the infeed retracts to the home position for 
unloading of the workpiece. Figure 16 illustrates a conventional plunge grinding 
cycle. 
In order to allow a comparison between conventional plunge grinding of rigid 
and compliant workpieces a conventional grinding cycle was defined in the machine 
cycle module of the new control system structure. The executor routine passed from 
the data base to the cycle module values of the following parameters: 
1. Initial workpiece diameter 
2. Target workpiece diameter 
3. Safety distance 
4. Home distance 
5. Infeed rate 
6. Grinding wheel speed 
7. Work speed 
8. Dwell time 
The machine cycle routine calculated the home position as the sum of the initial 
workpiece diameter and home distance and the high speed break point as the sum of the 
initial workpiece diameter and safety distance. For the purposes of grinding the thin 
walled cylinder liners produced by GKN it was clear that conventional grinding cycle 
design was not satisfactory. The high level of compliance and low grinding forces 
ensured that dwell times required to achieve workpiece size were excessive and 
resulted in unacceptable production rates. For this reason it was necessary to design an 
alternative machine cycle strategy that minimised dwell times by using an infeed 
overshoot position. 
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A machine cycle was added to the machine cycle module of the control system 
that operated by calculating the overshoot position for a workpiece from values stored 
in the data base. The overshoot position was calculated by adding a fixed value of 
overshoot distance to the distance to the target position for the required target diameter. 
Although use of a fixed overshoot position results in reduced dwell times and increased 
removal rates, problems were experienced in achieving accurate workpiece size. 
Principally, in order to produce a workpiece to a specified size accuracy it is necessary 
to fine tune the overshoot distance to an accuracy with a similar order of magnitude. 
Once this has been achieved any small change in grinding conditions arising from 
grinding wheel wear or from variations in the workpiece requires a further adjustment 
of the overshoot distance. It was experienced that variations in the internal and external 
diameters of workpieces produced by GKN led to varying compliance. Also, it was 
required that the performance of the system in terms of the size accuracy of workpieces 
was as far as possible independent of grinding conditions. It therefore became 
necessary to consider methods for calculating an overshoot distance for each workpiece 
individually and to compensate for changes in grinding conditions over time. 
In order to allow the grinding cycle to be customised for individual workpieces 
there was a requirement for an in-process measurement system. Adoption of suitable 
sizing devices allowed comparative measurements of workpiece diameter to be made 
before, during and after the grinding cycle. An early approach was to simply vary the 
overshoot distance in proportion to the difference between the measured initial 
workpiece diameter and the diameter of a nominal master workpiece. This approach 
was considered unsatisfactory as it failed to account for variations in internal diameter 
and also changes in grinding conditions. However, automatic measurement of 
workpiece size before a grinding cycle allowed the safety distance to be determined for 
each individual workpiece. This strategy termed gap elimination ensured that non- 
productive time spent at a low infeed rate was minimised and provided a reduction in 
overall cycle times. 
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A strategy was devised that combined the compliance model [28] with 
workpiece size measurement to compensate for variations in the size of cylinder liners 
prior to grinding. In place of a nominal overshoot position an overshoot distance was 
derived for each cycle from the system compliance model. On the basis of a current 
value of system time constant 'tt' stored in the data base and a fixed dwell period 'td', 
the compliance model was used to predict an overshoot position that would remove the 
required amount of material from a workpiece. The required workpiece diameter 
reduction was determined by subtracting the target workpiece diameter from the 
workpiece diameter measured by the sizing device. 
The compliance model relied on the value of system time constant to predict 
overshoot positions. As stated earlier, there were significant variations in compliance 
between cylinder liners supplied by GKN. Also, system time constant varies due to 
changes in grinding conditions. Consequently errors in the diameter of the workpieces 
were experienced following a grinding cycle where a fixed value of time constant was 
assumed. A requirement for learning the current value of system time constant was 
therefore identified. 
Whilst it was possible to calculate time constant using the exponential power 
decay method described in equation 18, a simpler method was employed. This 
technique relied on measurement of workpiece diameter by the sizing device following 
a grinding cycle. An algorithm based on the compliance model equations was designed 
and incorporated within the learning phase of the developed control system. This 
algorithm re-calculated system time constant by searching for the value of time constant 
that predicted the measured workpiece diameter error. 
Once the learning phase had utilised the compliance model to learn the new 
value of time constant this value was filtered and stored by the executor routine in the 
data base. A simple filter was employed of the type described in expression 24. The 
value of filter constant 'k' was chosen to provide a stable response. A nominal value 
of 0.2 was found to provide acceptable performance. Koenig [5] stated that a system 
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employing a process model to learn the controlling parameters for that model was self- 
aligning. 
tinew = 'Told +k (tnew 'Told) 24. 
As infeed rate and grinding time were determined by the control system 
dynamically, only the value of system time constant was stored in the control system 
data base. Experience indicated that the machine compliance was small in comparison 
with that of the cylinder liners produced by GKN. However, compliance varied 
between different types of cylinder liners. Therefore, a value of time constant was 
stored for each of the workpieces defined in the control system data base. 
In order to account for varying workpiece compliance a grinding cycle known 
as the 'pecking' cycle was developed and incorporated within the control system. The 
principle behind the pecking cycle was to allow the control system to evaluate the 
compliance of an individual workpiece. This was achieved by dividing the grinding 
cycle into a number of defined stages. Each stage or peck comprised the following 
sequence: measure workpiece diameter, rapid traverse to safe distance from workpiece, 
decelerate to grinding feed rate, feed to overshoot position, dwell, rapid retract and 
measure the new workpiece diameter. Measurement of workpiece size was performed 
after a short delay to allow the workpiece to cool and thermal expansion to reduce. 
The requirement for a cycle with at least three pecks was identified. The 
purpose of the first peck was to correct any workpiece roundness errors so that an 
accurate value of diameter was achieved prior to the second peck. The second peck 
was effectively a roughing cycle that permitted an accurate calculation of system time 
constant from the workpiece diameter error following the cycle. Thus, the third peck 
could be used to produce a finishing cycle based on the measured value of system time 
constant for that workpiece. However, workpiece compliance increases as material is 
removed during a grinding cycle. Also, workpiece compliance depends on the wall 
thickness of the cylinder liner which varied by up to 8% in the case of the workpieces 
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supplied by GKN. The rate at which workpiece compliance increases during a 
grinding cycle depends on both these variables. Consequently, although a three peck 
cycle provides an accurate measurement of system time constant after the second peck, 
it is not clear how the cylinder liner wall thickness will affect time constant during a 
subsequent peck. It is possible to account for this effect by considering the difference 
in values of time constant experienced during the second and third pecks. Thus, a 
fourth peck could be used to account for the expected rate of change of workpiece 
compliance. However, from the graphs of Figures 20 and 21 it is clear that the effects 
of changes in time constant are small when removing small amounts of material. 
Therefore, the final effect on workpiece size of an error between the measured value of 
time constant from the second peck and the actual value of time constant for the third 
peck is reduced with a small final cut. Furthermore, grinding wheel wear during a 
small cut is minimised and the low grinding forces ensure that thermal effects on 
workpiece size are reduced. Other advantages of a small final cut include that 
workpiece shape is improved as the depth of cut is low at the point of retraction. Due to 
the constraints of production rate it was decided to account for workpiece compliance 
using a three peck cycle. 
The three peck cycle was constructed so that a learned and filtered value of 
system time constant was stored in the workpiece data file for each of the programmed 
pecks. Following each peck the measured value of system time constant was used to 
modify the time constant used for the subsequent peck. For example, if the workpiece 
diameter error following a peck showed the system time constant to be 1.1 times that of 
the stored value for that peck, the time constant for the next peck was modified by a 
factor of 1.1. The system was designed so that the control system user programmed 
the required material removal for each peck of the grinding cycle. For simplicity, it 
was arranged that the control system user programmed a value of dwell to be applied to 
all of the pecks. A diagram illustrating a pecking cycle is given in Figure 24. 
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Chapter 6. Development of equipment 
A substantial modification of the manually controlled centreless grinding 
machine was necessary before it was suitable for automated operation. This chapter 
describes the machine development and control system integration. 
6.1 Machine development 
A schematic diagram of the main elements of the manually operated Cincinnati 
No. 3 centreless grinding machine is given in Figure 3. The machine featured two 
slide ways. The upper slide supported the control wheel whilst the lower slide 
supported the workplate. It was possible to clamp either of the slides and so 
positioning of the control wheel was performed with either the workplate fixed or with 
the workplate moving. Control of the angle in the horizontal plane between the control 
wheel and the grinding wheel was made by adjusting the skew angle between the slide 
ways and the machine tool bed. 
Originally the grinding wheel was driven by a 16 kW fixed speed a. c. motor 
through belt driven pulleys with a 1: 1 ratio between the motor spindle and the grinding 
wheel. A surface speed of 33 m/s was achieved with a 609 mm diameter grinding 
wheel. Variations in grinding conditions were caused by wear of the grinding wheel. 
The grinding wheel diameter reduced with wear leading to a decrease in wheel surface 
speed. A wheel was often worn to half its original diameter before replacement thus 
halving the effective cutting speed. A variable speed motor was therefore required to 
allow the control system to maintain surface speed by increasing wheel speed as the 
diameter decreased with wear. 
According to Rowe [33] an improvement in grinding conditions could be 
achieved by increasing grinding wheel speed to 45 m/s. A spindle that was capable of 
speeds in excess of 1400 rev/min was required to achieve a target surface speed of 45 
m/s with a 609 mm diameter grinding wheel. 
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A limiting factor in the realisation of high material removal rates was the low 
level of power available from the grinding wheel drive motor. An increase in power 
from the drive system would allow increased removal rates before the grinding wheel 
was in danger of stalling. For the centreless grinding process, maximum removal rate 
occurs at or near the burn boundary [33]. Therefore, to determine the power required 
from the drive system it was necessary to consider the specific energy achieved during 
a grinding cycle. For a workpiece of material EN9 it was shown [44] that burn 
occurred at a specific energy level of 46 J/mm3. The workpiece diameter'dw was 38 
mm, the length 'b' was 70 mm and the infeed rate 'vf was 0.055 mm/s. Specific 
energy 'ec' was determined from the following equation: 
ec _2P itdw, bvf 25. 
Rearranging equation 25 allows the power required to achieve burn to be predicted: 
P_xx46x38x0.055x70_10571W 
2 26. 
It was possible to maximise specific removal rate for a workpiece of similar 
dimensions and material to the example workpiece as 16 kW was available from the 
original grinding wheel motor. However, the machine tool was capable of producing 
workpieces with a length of up to 254 mm with a standard grinding wheel. Production 
of a workpiece 3.6 times longer than that of the example workpiece required a 
proportional increase in power (38 kW) to achieve similar specific removal rates. 
Therefore, a more powerful grinding wheel drive was required for high removal rate 
grinding on workpieces using the full capability of the machine. 
In order to meet the requirement for a variable speed, high power grinding 
wheel drive system the following modifications were made. The grinding wheel drive 
motor was replaced with a 75 kW d. c. motor powered by a KTK 6PS thyristor drive 
amplifier. The amplifier provided infinitely variable speed control of the motor up to 
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2000 rev/min. Speed of the motor spindle was set by a 0-10 V reference voltage whilst 
a d. c. tachometer provided closed loop speed control of the motor. 
A direct drive from the motor to the grinding wheel was developed to replace 
the standard pulleys and thus reduce transmitted vibrations from the original drive 
belts. The direct drive also reduced loadings on the grinding wheel head bearings 
when grinding with high surface speeds and power levels. A schematic diagram of the 
arrangement is given in Figure 25. The motor was mounted on a large concrete plinth 
and shimmed to provide accurate alignment with the grinding wheel spindle. The 
grinding wheel spindle was connected to the motor with a shock/vibration absorbing 
flexible coupling in order to protect the spindle bearings. 
Grinding 
wheel 
Flexible 
coupling 
1 
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Figure 25. A schematic diagram of the grinding wheel drive arrangement. 
The developed grinding wheel drive arrangement allowed surface speeds of up 
to 64 m/s with a 610 mm diameter grinding wheel. However, the standard Universal 
grinding wheels that were used by GKN were rated to 45 m/s. Therefore, to prevent 
damage to the grinding wheel it was necessary to ensure that the control system limited 
maximum spindle speed. In order to minimise vibrations the rotating elements of the 
drive system were statically balanced. 
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Whilst running the grinding wheel for extended periods at 1430 rev/min it was 
found that the wheelhead bearings overheated. The wheelhead bearing temperature 
was measured with thermo-couples and found to rise to 67°C after 90 minutes. As the 
maximum specified working range of both the bearings and the lubricating oil was 
from 35°C to 60°C a cooling system was required. It was determined that the machine 
was producing 2-2.5 kW of heat and that an oil cooler with a capacity of 10 kW/100°C 
was therefore necessary. After a cooler was fitted the wheelhead bearing temperature 
remained within the specified boundaries. The grinding wheel drive mechanism was 
thus capable of satisfying the requirements proposed above. Infinitely variable speed 
allowed the control system to maintain constant surface speed regardless of wheel 
diameter. The extra speed allowed by the direct drive and motor allowed grinding at 
more efficient grinding wheel surface speeds. Finally, the increase in power provided 
by the motor and amplifier allowed higher removal rates than was possible with the 
original machine. 
As with any cutting tool a grinding wheel becomes dull after a period of use. A 
dull wheel typically requires more power to achieve the required removal rates and 
workpiece surface texture may be adversely affected. A technique known as dressing 
was used to 'sharpen' the grinding wheel surface. Grinding wheel dressing was 
performed by traversing a diamond mounted on a quill across the face of the wheel 
using a hydraulic ram. Depth of cut of the quill mounted diamond dressing tip was 
adjusted via a threaded quill assembly. Dressing lead, which is measured in mm/rev of 
the grinding wheel, was varied by altering oil flow to the hydraulic ram. The effect of 
the dressing process was to cut a very fine screw thread onto the grinding wheel thus 
presenting new cutting edges on the surface. Dressing of the grinding wheel required a 
skilled operator in order to maintain consistency due to the lack of positional and speed 
feedback from the dressing mechanism. 
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Investigation of grinding wheel dressing was not an aim of the project as the 
effects of wheel dressing conditions are well documented [6,36,61,62]. Automation 
of the grinding wheel dressing mechanism was desirable in order to maintain 
consistency. However, the type of grinding performed by GKN meant that dressing 
was only required relatively infrequently. Typically more than 50 grinding cycles were 
performed before grinding conditions changed enough to warrant dressing. Project 
objectives included that consistent results were to be achieved throughout the period 
between dresses and to consider extending the dressing interval as dressing time is 
non-productive. As a result of these factors and financial restraints time was not spent 
modifying this area of the machine and the original dressing mechanism was retained. 
It was decided that optimisation of grinding conditions would require in- 
process measurement of grinding wheel power. Although force measurement provides 
valuable process information, it was considered to be more expensive and less reliable 
than power measurement. A power signal was not available from the KTK 6PS d. c. 
thyristor drive electronics and it was therefore necessary to devise a technique for 
measuring power consumption. In a d. c thyristor drive a d. c voltage is generated by 
rectification of the 415V three phase mains voltage. Amplifier control circuits use 
phase angle triggering of thyristors to vary the average voltage level applied to the 
motor armature. Phase angle adjustment is performed by drive control circuits 
according to motor speed feedback from the d. c. tacho-generator mounted on the motor 
and motor load feedback provided by small current transformers. The amplifier varies 
the average dc voltage to the armature and maintains the demanded motor speed. The 
motor power was therefore a function of the complex voltage and current waveforms. 
Measurements were performed that showed the r. m. s. armature voltage 'Vms 
was related to motor speed 'w(t)' by a constant 'k1': 
V, N, s = kt w(t) 27. 
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Therefore, r. m. s. power 'Prms' was determined by measuring r. m. s. current 'Irms 
and motor speed: 
Prins = kl w(t) I, ms 28. 
Given measurements of motor current and grinding wheel speed it would be possible 
for the control system to calculate the grinding power. It was decided to use a Heme 
Hall-Effect transducer to measure the motor armature current. The transducer provided 
an analogue voltage that was proportional to the current passing through the armature 
cable. However, use of an oscilloscope indicated that noise on the analogue signal was 
caused by switching of the thyristors. In order to generate a clean power measurement 
signal a simple electronic filter was designed and implemented. Consequently, a stable 
analog voltage proportional to r. m. s. armature current was available. It was decided 
to measure grinding wheel speed by fitting a rotary encoder to the drive motor as 
derivation of power required that the current signal was scaled in proportion to the 
motor speed. The analog current signal and grinding wheel encoder were interfaced to 
the C. N. C. control system. A CSI routine was created that calculated grinding wheel 
power from the monitored values of armature current and grinding wheel speed. This 
method provided power measurement with an accuracy of approximately 5% when 
compared with readings achieved by a digital Siemens Function-Meter. Relating 
power to current and motor speed provided a cheap and efficient way of measuring 
power as both measurements were readily achieved. Commercial power meters 
capable of handling signals generated by high speed thyristor triggering were 
prohibitively expensive. 
A CSI routine was created that used the value of power measurement to ensure 
that grinding power did not exceed the capability of the grinding wheel drive and cause 
the grinding wheel to stall. The control system software automatically reduced the 
infeed rate if the power level exceeded a preset limit. If, after a short delay, the power 
had not reached a safe level the infeed was retracted and the grinding cycle aborted. 
-75- 
The control wheel on a centreless grinding machine regulates the surface speed 
of the workpiece. An incorrect value of control wheel speed can cause the workpiece 
to burn or chatter whilst a more suitable value improves removal rates. A change of 
workpiece diameter required a proportional change in control wheel speed in order to 
maintain surface speed. 
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Figure 26. Planes of control wheel adjustment. 
Originally a small 50 Hz 3 phase a. c. motor was used to drive the control wheel 
through a two speed gearbox. The speed of the control wheel and hence workpiece 
surface speed was varied by changing gears in the gearbox. Dressing of the control 
wheel was by a similar method to that of the grinding wheel. In order to achieve 
effective dressing the control wheel speed was increased using the high-ratio selector 
on the gearbox. Control wheel dressing was normally only performed after the control 
wheel surface was damaged. Therefore, automation of the dressing mechanism was 
not considered necessary. The control wheel head was adjustable for angle in both the 
horizontal and vertical planes. Figure 26 shows the plane of these adjustments with 'L 
in the vertical plane and 'a' in the horizontal plane. Horizontal adjustment 
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Vertical control 
wheel adjustment 
Horizontal control 
wheel adjustment 
compensated for workpiece taper. Vertical adjustment provided a thrust on the 
workpiece in the axial direction to maintain workpiece contact with the end stop during 
the grinding cycle. The angular adjustments were performed manually. It was decided 
that automation of these adjustments was beyond the scope of this project. 
Selection of appropriate values of workspeed was required as part of the 
process optimisation strategies. It was therefore decided to develop a facility for 
automatic adjustment of the workspeed'vw . To provide a variable speed arrangement 
for the control wheel mechanism a Danfoss VLT 101 frequency convertor was fitted. 
The frequency convertor generated a3 phase 415 V supply with a frequency range of 
0-100 Hz. The frequency of the output supply was determined by a d. c. reference 
voltage in the range 0-10 V provided by the control system. The speed of an a. c. 
motor is proportional to the frequency of the supply voltage and therefore the speed of 
the control wheel was continuously variable in the range 0-200% of the nominal fixed 
value. As the original gearbox was retained the system was capable of the high wheel 
speeds needed for wheel dressing. It was decided to fit a rotary encoder similar to that 
used to measure grinding wheel speed so that speed of the control wheel was measured 
by the control system. 
Although the dynamic response of the frequency convertor was not as good as 
is available from more modern type of drives, it was considered satisfactory for the 
application. Control wheel speed was constant during a grinding cycle and hence good 
dynamic performance was not needed. The relatively low power consumption of the 
control wheel motor coupled with the gearing between the wheel and motor meant that 
control wheel speed did not vary significantly when loaded. 
To remove material from a workpiece on a centreless grinding machine the 
workpiece is forced against the grinding wheel. This is achieved by positioning one of 
the two slideways with respect to the machine tool bed. Positioning of the upper slide 
with the lower slide clamped to the bed causes the workpiece to roll up the angled 
workplate and against the grinding wheel. Similarly, positioning with the lower slide 
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clamped to the upper slide also forces the workpiece against the grinding wheel. There 
was no consensus as to which approach was most satisfactory and the choice of 
technique was largely dependent on individual operational requirements. However, in 
the latter case the relative positions of the workplate and control wheel remain constant 
and changes in the work support geometry during a grinding cycle are minimised. In 
this latter condition the change in geometry between the workpiece, grinding wheel and 
control wheel during the cycle is due principally to workpiece size reduction. Infeed of 
the control wheelhead on the Cincinnati No. 3 centreless grinding machine was 
originally performed by an operator with a handwheel. Automation of the infeed 
mechanism was considered essential to allow accurate and repeatable control of 
position and infeed rate. 
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Figure 27. A schematic diagram of the automated infeed mechanism. 
Originally the control wheelhead and slides were positioned by a handwheel. A 
pinion attached to the handwheel revolved a worm nut around a fixed lead screw. The 
wheelhead was positioned as the revolving worm nut traversed along the lead screw. 
The handwheel was removed and the worm nut clamped to the control wheelhead so 
that the wheelhead could be positioned by rotating the leadscrew. It was determined 
that a 3000 rev/min, 3.1 Nm servo motor connected to the 3.1 mm pitch lead screw 
through a 16.1: 1 ratio gearbox would provide the required torque/speed characteristics 
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for positioning the infeed mechanism. A diagram of the mechanical arrangement is 
given in Figure 27. Consequently, a d. c. servo motor meeting these criteria was 
selected from the range produced by S. E. M. A 2.5 kW AM Power II servo amplifier 
was employed to provide infinitely variable speed control of the servo motor up to 
3000 rev/min. The amplifier utilised d. c. tachometer feedback from the motor to 
achieve closed loop control of motor speed. The velocity reference to the servo 
amplifier was an analog voltage in the range ±10 V. 
The infeed system design provided closed loop control of infeed rate through 
adjustment of a reference voltage. However, workpiece size accuracy ultimately 
depends on the accuracy of the infeed position. Therefore, it was necessary for the 
control system to position the infeed axis with the required accuracy. The C. N. C. 
system utilised an algorithm based on following error to provide closed loop control of 
the position and velocity of axes. The performance of the closed loop positioning 
system was dependent on the dynamic response of the infeed axis mechanism. 
Elements affecting the dynamic response included the motor performance, torsional 
compliance of the gearbox , control wheelhead inertia and 
friction. As the effect of 
these parameters was difficult to assess it was decided to analyse the dynamic response 
of the developed infeed mechanism. 
With a 10 V d. c. reference signal to the servo amplifier, the maximum motor 
speed achieved whilst driving the wheelhead was recorded: 
maximum motor speed = 84.27t rad/s = 42.1 rev/s 29. 
The maximum lead screw speed was calculated by taking into account the 16.1: 1 ratio 
gearbox: 
maximum lead screw speed = 42.1 / 16.1 = 2.6 rev/s ' 30. 
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Finally, the maximum infeed rate in mm/s was determined on the basis of a 3.1 mm 
lead screw pitch: 
maximum infeed rate = 2.6 x 3.1 = 8.1 mm/s 31. 
The response of the infeed mechanism to a 10 V step input was measured using 
an oscilloscope connected to the servo motor tacho-generator. Experimentation 
revealed that the average time taken to reach maximum speed was 0.28 s. As the 
maximum infeed rate was 8.1 mm/s it was possible to calculate the average infeed 
acceleration: 
acceleration = 8.1 / 0.28 = 28.9 mm/s2 32. 
The response of infeed motor velocity 'co' to a 10 V step speed demand to the 
servo amplifier was recorded using a storage oscilloscope connected to the servo motor 
tacho-generator. Mechanical systems comprise inertia, stiffness and damping elements 
which lead to potentially oscillatory second order responses. However, the 
characteristics of this particular system suggested a non-oscillatory response with a 
damping factor greater than unity. As infeed axis speed approached the steady state 
value exponentially, the infeed response was predominantly first order. The first order 
response of such a system is: 
Ot) = wpeak (1 - e(-a t)) 33. 
where 'w(t)' is the motor velocity in rad/s at time 't' and 'caper is the maximum motor 
velocity in rad/s. The time constant of the servo drive 'tc' is defined as the inverse of 
constant 'a'. 
A value of time constant that provided a match between predicted and actual 
motor response was estimated to be 16.41. The infeed drive system response was 
therefore approximated by the equation: 
w(t) = 84.2n (i - e(-16.41 t)) 34 
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Figure 28 illustrates the correlation between predicted infeed axis response from 
equation 34 and the actual values determined experimentally. It was apparent that a 
first order approximation was adequate for the purposes of this analysis. 
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Figure 28. A graph showing actual and predicted motor response. 
The Laplace transform of co(t) from equation 34 is of the form: 
L(w(t)) = w(s) = S-k 
a 
35. 
Hence, by substituting the values detemlined experimentally: 
W(s) _ 
84.27c x 16.41 
s(s+ 16.41) 36. 
The Laplace transform of a step input of 10 V which corresponds to a demanded 
velocity of 84.2n rad/s is: 
V(s) = 84.2ir 37. 
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The transfer function of a system is defined as the system output divided by its input 
with zero initial conditions. Hence the transfer function of the servo drive system was 
defined by the expression: 
W(S) 16.41 
V(s) s+16.41 38. 
The analysis of the performance of the infeed axis configuration was used to determine 
the parameters used by the control system to achieve a satisfactory closed loop 
positioning system. 
The control system required positional feedback from a transducer connected to 
the infeed axis mechanism. Backlash between the servo motor and the control 
wheelhead of between 0.1 mm and 0.2 mm contributed a transportation lag or dead- 
time to the closed position loop system. It was considered impracticable to employ a 
rotary encoder mounted on the back of the infeed motor to remove the dead-time. With 
such an approach the positioning accuracy that may be achieved is determined by the 
total backlash in the system. In closed loop systems with a significant dead-time it is 
usually necessary to avoid instability by reducing the gain of the system. 
Therefore, it was decided to use a linear scale for position measurement of the 
infeed axis. The scale was mounted with the body of the scale attached to the main 
machine casting. The reader head was connected to the machine tool upper slide so 
that the reader head moved whether the upper or lower slide was used for grinding. 
The linear scale chosen provided a resolution of 0.002 mm which allowed the control 
system to position with an accuracy of ±0.002 mm. The linear scale ensured that 
infeed position was not affected by backlash in the infeed mechanism. 
The machine tool development provided the key elements required for control 
of the grinding machine by a computer control system. Principally, control of the 
infeed axis, control wheel and grinding wheel drives was achieved. However, there 
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remained the requirement for development of an in-process workpiece measurement 
system. 
There are difficulties in measuring workpiece size on centreless grinding 
machines due to the lack of workpiece centre. In a centreless grinding machine the 
workpiece is supported by the workplate and control wheel. Consequently, the 
position of the workpiece centre changes as material is removed during a grinding 
cycle. The complex geometry of the control wheel, workplate and measuring device 
ensures that the relationship between workpiece size and probe reading is non-linear. 
However, two identical workpieces produce the same size reading from the device as 
the geometries are the same. Therefore, it is necessary to either datum the probing 
system with a target sized workpiece or to model the geometric non-linearity. 
Modelling of geometric non-linearities would have required knowledge of workplate 
height, control wheel diameter and the relative positions of upper and lower slides. 
This information was not readily available from the machine and the mathematics 
proved extensive. 
As the project aims involved the production of large numbers of similar 
workpieces it was decided that in-process workpiece sizing should rely on relative size 
measurement. Contactless measuring systems were impracticable due to the large 
quantity of coolant in the grinding zone and it was necessary to employ a touch probe. 
GKN used analogue inductive probes on a number of manually operated centreless 
grinding machines for in-process measurement of workpiece size. A probe was 
positioned at each end of the workpiece to measure across the diameter. Workpiece 
taper was indicated by the difference in readings between the two probes. The operator 
used a trial and error approach to calibrating the probes. Over a number of workpieces 
the operator adjusted the probes so the 'at size' signal was triggered with a workpiece 
distorted and the infeed at a fixed position. This technique did not account for the 
errors in size readings that occurred due to variations in workpiece compliance and 
grinding forces. 
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The probes used by GKN were not suitable for use by the developed control 
system. Problems arising from the use of the inductive devices included achieving 
adequate resolution when interfacing the analog output to the C. N. C. and thermal drift 
of the size signal. The sizing devices were interfaced to a control system with a signal 
in the range 0-10 V corresponding to a reading of 0-0.25 mm. Assuming no electrical 
noise, a computer control system resolved size to ± 2.0 µm with an 8-bit analog to 
digital convertor. As the size signal clipped at 10 V there was a loss of information 
during the grinding cycle for workpieces with more than 0.25 mm of stock. For these 
reasons it was necessary to consider an alternative approach. 
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Figure 29. Arrangement of sizing devices for the centreless grinding process. 
Digital probes were developed for the application in conjunction with Goodwin 
Electronic Measuring Systems Ltd. The sizing device comprised a pneumatically 
actuated probe with a hardened tip attached to a 50 mm x1 µm resolution linear scale. 
The quadrature position signal from the linear scale interfaced directly to the C. N. C. 
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as if it was a conventional machine axis feedback device. A diagram of the probe 
arrangement is given in Figure 29. 
The measurement technique devised was to first datum a sizing device on a 
ground workpiece of the required diameter. As workpiece size converged on the 
datum value during a grinding cycle the measurement errors due to geometric non- 
linearity tended to zero. In order to reduce geometric non-linearity careful machine 
setting was employed so that the sizing device measured across the centre-line of a 
finished workpiece. It was decided that two probes should be employed along the 
length of the workpiece to provide an indication of workpiece taper. 
6.2 Electrical interface 
A control cabinet was built to house the C. N. C. controller chassis, the axis 
drive electronics and various contactors, relays, transformers and power supplies. As 
there was a lot of air borne dust in the machining of cast iron, the cabinet was sealed 
and a heat exchanger installed for cooling the electronics. Connection of wires from 
the panel to the machine tool was through two large diameter 'anaconda' conduits with 
wires terminating on a terminal rail at the bottom of the cabinet. The design of the 
electrical control panel is included in the appendix. 
The C. N. C. operator panel was suspended from a pendant at the front of the 
machine tool. Included in the pendant was an operator push button station that 
permitted control of a number of machine functions. The push button station included 
an electronic handwheel that allowed the operator to request infeed axis motion from 
the C. N. C. by simply rotating the ratcheted handwheel. This feature was useful 
during machine setting operations. The operator panel provided the following 
functions: 
1. An over-travel over-ride keyswitch enabled an operator to restart the machine 
tool after the infeed axis had struck a hardware over-travel limit switch. 
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2. To prevent wear and tear of the C. N. C. cycle start push button, a secondary 
cycle start push button was fitted. 
3. The electronic handwheel was enabled with the key switch provided. 
4. A selector switch allowed the operator to choose between three coolant options. 
If 'AUTO' was selected the coolant was controlled by the workpiece part 
program via the M functions M08/M09 -coolant on and off respectively. If 
'ON' was selected then coolant was on permanently. If 'OFFwas selected the 
coolant was turned off. 
A number of relays were connected to the digital output points of the C. N. C. 
The relays allowed the C. N. C. control of a number of machine functions that 
included: 
1. The grinding wheel drive amplifier enable. 
2. The infeed axis drive amplifier enable. 
3. Sizing device advance/retract. 
4. Software generated emergency infeed retract. 
Machine tool safety was of paramount importance. Grinding machines require 
guarding to reduce the possibility of operator injury in the event of a grinding wheel 
exploding at speed. Prevention of this type of problem was beyond the power of the 
control system. However, it was vital that the operator could stop the machine tool as 
safely as possible in an emergency. Also, diagnostics were required to inform the 
operator of any machine problems. The first level of electrical safety was provided by 
hardwired safety features: 
1. 'Emergency stop' push buttons were provided so that power was removed 
from the machine tool in an emergency. 
2. A 'jog retract' system was devised. The 'jog retract' push button created an 
emergency stop condition and caused the infeed axis to retract. This ensured 
that the machine tool was stopped safely with the workpiece away from the 
grinding wheel. 
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A number of signals were fed back to the C. N. C. to provide a second level of safety: 
1. Machine electronics enabled 
2. Machine tool not in emergency stop condition 
3. Electrical control cabinet doors closed 
4. Spindle amplifier electronics enabled 
5. Infeed axis drive amplifier electronics enabled 
6. Jog retract in progress 
7. Heat exchanger over-temperature 
8. Grinding wheel drive cooling fan contactor over-load 
9. Machine tool hydraulics contactor over-load 
10. Coolant pump contactor over-load 
11. Swarf removal contactor over-load 
12. Infeed axis hardware over-travel limit switches 
13. Hydraulics at working pressure 
14. Air supply at working pressure 
15. Hydraulics at working temperature 
6.3 Computer control system integration 
The machine logic program executed by the 8600 C. N. C. process software 
was developed using the SIPROM (Programmable Interface System) utility. The 
purpose of machine logic was to interface the C. N. C. functions to control a particular 
machine tool and act as a communications interface between the machine tool and the 
numerical control. The machine logic program is referred to in this thesis as the 
SIPROM interface. 
Machine logic was developed on the 8600 C. N. C. with the programming tools 
provided by SIPROM. The SIPROM language was a Boolean type language based on 
simple logical expressions. SIPROM allowed a series of elements to be combined 
according to certain rules to produce a statement. Combinations of such statements 
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formed the machine logic program. Statements used logical expressions to define and 
control both physical and logical input and output (I/O) signals. 
The machine tool was interfaced to the C. N. C. so that machine power up was 
achieved in the following manner. Pressing the C. N. C. CONTROL ON push button 
applied power to the control. After the C. N. C. had powered up and performed its 
diagnostic tests pressing the CONTROL ON push button a second time latched a relay 
that supplied power to the machine electronics. The CONTROL ON push button then 
illuminated to indicate that power was supplied to the machine tool. At this point the 
machine interface was arranged to perform the following power up sequence: 
1. Check emergency stop push buttons, jog retract push buttons and axis 
overtravel limit switches. 
2. Check the overloads for the spindle motor blower, hydraulics pump, hydraulics 
cooler and swarf drag link. 
3. Wait for hydraulic pump to achieve pressure for a maximum of 25 seconds. 
4. Perform a control reset, initialise CSI software and force process display no. 
1. 
S. Load the main sequencing part-program ready for execution. 
The interface was designed so that an emergency stop was generated if any of these 
checks failed and an appropriate message was displayed on line 5 of the process 
display message area. Once the machine had powered up the interface enabled closed 
loop position control of the infeed axis by the C. N. C. 
The interface also decoded the following machine 'M' functions issued by the 
Part program: 
1. M03 Grinding wheel drive start. 
2. M05 Grinding wheel drive stop. 
3. M08 Coolant on. 
4. M09 Coolant off. 
5. M10 Infeed servo amplifier disable. 
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6. M11 Infeed servo amplifier enable. 
7. M30 Program end, control reset. 
Also the following machine elements were controlled by the interface: 
1. Sizing device activation. 
2. Sizing device calibration. 
3. Electronic handwheel enable. 
4. Message and I/O diagnostics. 
The SIPROM compiler was a program resident on the 8600 that translated the 
SIPROM program into a language (i8086) that was scheduled by the operating system 
under process software. A debugger allowed a user to prove out a SIPROM program 
by monitoring the state of SIPROM variables whilst the machine logic was being 
executed. The SIPROM program developed for the centreless grinding machine is 
included in the appendix. 
As described earlier, a following error system provided control of axis position 
and speed. The process software maintained a 'model' axis position for each 
controlled axis. After an axis move was requested, the C. N. C. updated the position of 
the model axis every 'tick' of 10 ms according to the programmed feed rate and the 
axis acceleration and deceleration ramps. An increase in model axis speed was 
generated by adding larger increments to the model position every tick. The model axis 
position and speed at a point in time was therefore the idealised position and speed of 
the real axis. As the C. N. C. started to move the model axis a positional following 
error was created between model and real axis positions. The analog reference voltage 
to the axis drive varied in proportion to the following error and therefore real axis 
motion followed that of the model axis. An increase in following error produced a 
corresponding increase in analog reference voltage. It can be shown by analysing the 
transfer function of the control loop that for constant model axis velocity, there is 
steady state value of following error and so a steady state reference to the axis drive. 
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The velocity error'Kv' defined in AXCFIL/MPO related the analog reference voltage to 
the following error. 
Kv (Xmodel - Xreal) Vanalog = Ks 39. 
where Xmodel and Xreal' are the model and real axis positions respectively. The 
scaling factor 'Ks' is a constant determined by the relationship between maximum axis 
speed 'vom and reference voltage 'Vmu'defined in AXCFII. /MPO: 
_ 
Vmax K. 
VMIX 40. 
For example, an axis that travelled at maximum speed of 10 m/min (166.7 mm/s) with 
an analog reference of 10 V required 1V to traverse at 1 m/min. The value of velocity 
error controlled the gain of the control loop. With a velocity error of 16.7/s a 
following error of 1 mm generated the required 1V to the axis drive. Decreasing the 
value of velocity error reduced the gain of the system and hence response became 
sluggish. A larger following error was therefore required to produce the 1V required 
by the axis drive. When real axis position matched the model axis position there was 
no following error and hence no reference voltage. 
In order for the C. N. C. to accurately control the position and speed of the 
modified infeed axis of the centreless grinding machine it was necessary to define a 
number of the parameters described above. Maximum axis speed'vmax and reference 
voltage 'Vnm' were defined in AXCFIL/MPO. There were linearity problems with the 
analogue to digital convertors as the output voltage approached the full scale value. 
Therefore maximum axis speed was defined as the speed achieved with a reference of 
8.5 V. The axis speed achieved with a 10 V signal was determined earlier and hence 
rapid traverse rate was calculated: 
Rapid traverse rate = 8.1 x 1-L= 
6.885 mm/s 41. 
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If rapid traverse was set at the maximum available reference voltage it would not be 
possible to compensate for deceleration of the axis due to an increased load at the rapid 
traverse rate. 
A value of velocity error that was too high caused the system to exhibit 
oscillatory behaviour whilst too low a value lead to a sluggish response. An 
oscilloscope was used to measure the response of the infeed motor subject to various 
velocity commands from the C. N. C. and a suitable value of velocity error was 
determined for the infeed axis. The value of velocity error'Kv'that provided a stable 
response was 10 /s. This value was lower than that expected on a new machine tool as 
there were significant lags introduced into the control loop by the backlash between the 
motor and the headstock. 
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Chapter 7. Evaluation and results 
Trials were performed using the intelligent control system integrated within the 
OSAI A-B 8600 C. N. C. and interfaced to the Cincinnati No. 3 centreless grinding 
machine. The purpose of the trials was to evaluate the success of the control system 
structure when applied to the centreless grinding process. In particular it was 
necessary to test the effectiveness of the proposed control strategies in producing the 
highly compliant cylinder liners produced by GKN. In order to evaluate the 
performance of the control system independently of the C. N. C. based real-time 
analysis, a BBC computer based data logging system was used for external in-process 
measurement of process parameters. The data logger was interfaced to the machine 
tool and provided measurement of workpiece diameter and grinding wheel power 
consumption. Workpiece quality was evaluated through measurement of roundness, 
surface finish and diameter using suitable equipment from the metrology laboratory of 
the Liverpool John Moores University. 
The developed control system provided a means of optimising grinding 
conditions for a range of workpieces, materials and grinding wheels. As part of the 
project aims and objectives it was necessary to consider optimising the process as 
opposed to optimising grinding conditions. 
7.1 Thermal effects on in-process measurement of workpiece size 
Initial grinding experiments revealed the effects of temperature on the in- 
process measurement of workpiece size. As grinding imparts energy to a workpiece 
there is a rise in temperature and consequently expansion of the workpiece occurs. 
Bryan [63] suggested that such thermal effects were the largest source of dimensional 
errors in machining processes. The aim of the experiment was to evaluate the amount 
of workpiece expansion experienced and to determine an appropriate technique for 
workpiece diameter measurement. Therefore, it was necessary to determine the time 
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taken for thermal expansion to reduce to a point at which satisfactory diameter 
measurements could be obtained. Also, the effects of coolant on the workpiece 
measurement cycle were considered. 
A thin walled cast-iron cylinder liner of the type produced by GKN was heated 
in boiling water to approximately 100°C. The workpiece was placed in the grinding 
machine and the sizing device activated. Readings of the change in workpiece diameter 
over time were recorded by the external data logging system connected to the sizing 
device. The experiment was performed both with machine flood coolant off and on. 
Data logging of workpiece size produced the graphs shown in Figure 30 
without coolant and Figure 31 with coolant. 
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Figure 30. Reduction in workpiece size without coolant 
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Figure 31. Reduction in workpiece size with coolant. 
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The results indicate that the thin walled cylinder liners produced by GKN 
expanded by up to 50 µm with an increase in temperature from ambient to 100°C. The 
time constant of the reduction in size was approximately 40 seconds without coolant 
and 6 seconds with coolant. Therefore, machine coolant significantly increased the rate 
at which size of the cylinder liner reduced. Peters [13] indicated that an approximate 
value of steady state workpiece temperature rise '0' could be derived from the 
following equation: 
8= 
cc il 42. 
where 'K' is the percentage grinding energy entering the workpiece, 'P' steady state 
grinding power, 'a' the average heat transfer coefficient and Y2' the cooled workpiece 
area. Using approximate values of these parameters from Peters provides an estimated 
temperature rise for a cylinder liner: 
0=0.1 x 38000 _ 14.9°C 
3500 x 0.073 43. 
Thermal expansion is proportional to temperature and a temperature rise of 15'C would 
therefore result in workpiece expansion in the order of 7.5 µm. 
The intelligent grinding control system framework included a resource for in- 
process measurement of workpiece diameter. With the measuring strategies employed 
it was possible to measure diameter either during a grinding cycle or by interrupting a 
cycle and retracting the infeed to a gauging position. The benefit of interrupting the 
cycle to measure the workpiece was to avoid the deflections experienced with 
compliant workpieces. It was not possible to eliminate the effects of thermal expansion 
from the sizing device readings when measuring during a grinding cycle. However, 
when using the interrupted cycle strategy for workpiece measurement it was ensured 
that machine coolant remained on and that a suitable delay was allowed for the 
workpiece temperature to stabilise. It was decided that a delay of 5s would be suitable 
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for the purposes of this work. Using this technique thermal effects on workpiece 
measurement accuracy and cycle times were minimised. 
7.2 Conventional grinding of rigid workpieces 
The developed control system software was initially tested by performing a 
conventional plunge grinding cycle of the type shown in Figure 16 on rigid 
workpieces. The workpiece descriptions are given in Table 10. This trial was 
important as the effects of workpiece compliance on results are minimised with rigid 
workpieces and the dimensional accuracies achieved indicate the size holding capability 
of the machine tool. Also, measurement of grinding wheel power consumption 
allowed machine compliance to be estimated. Machine performance was evaluated 
through measurement by the data logging system of workpiece diameter and of 
grinding wheel power consumption. Post-process measurement of workpiece size was 
performed with an S. I. P. three axis co-ordinate measuring machine. In-process 
measurement, process models, adaptive strategies and learning strategies were not 
implemented by the control system at this stage. 
Parameter Rigid workpiece 
Initial diameter 50.800 mm 
Target diameter 50.000 mm 
Internal diameter None 
Width 75.000 mm 
Material EN9 
Table 10. Workpiece description. 
The controlled grinding parameters entered into the data base by the operator 
were values of grinding wheel speed, work speed, infeed rate and dwell time. The 
grinding parameters are given in Table 11. 
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Parameter Rigid workpiece 
Wheel speed 'vs 45 m/s 
Wheel diameter 'd5' 609 mm 
Work speed 'vw' 0.45 m/s 
Infeed rate 'v f 0.1 mm/s 
Dwell time 'td' los 
Average specific removal rate 'Z' 7.92 mm2/s 
Table 11. Controlled grinding parameters. 
Effects of grinding wheel wear on the results were minimised by grinding small 
batches of workpieces between grinding wheel dressing. After allowing two hours for 
the machine to reach a steady operating temperature grinding trials were performed in 
batches of 10 on the rigid workpieces. 
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Figure 32. A graph of deviation of workpiece size from the average value. 
A sample graph of deviation of workpiece size from the average batch diameter 
obtained from post-process measurements is given in Figure 32. Table 12 summarises 
the measurements of workpiece diameter after grinding. Assuming an exponential 
power decay during the spark out period, the approximate value of system time 
constant shown in Table 13 was determined. 
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Parameter Rigid workpiece 
Average diameter 50.003 mm 
Maximum diameter 50.008 mm 
Minimum diameter 49.998 mm 
Standard deviation 3.666 gm 
Table 12. Summary of grinding trial results. 
Parameter Rigid workpiece 
Approx. power 26 kW 
Approx. spark out 3.5 seconds 
Approx. time constant 1.4 seconds 
Table 13. Time constant measurements. 
It was noted that the grinding wheel speed temporarily fluctuated by up to 10% 
of the steady state value when load was suddenly applied. An effect of the fluctuation 
in grinding wheel speed was to cause a corresponding instability in power 
measurement. However, after a period of around 2 seconds, the grinding wheel drive 
regained stable operating speed. 
Grinding trials on rigid workpieces indicated that the Cincinnati No. 3 
centreless grinding machine was capable of grinding diameters with a standard 
deviation of 3.67 µm. Assuming a normal distribution of results and a rejection rate of 
0.5% the machine size holding capability on workpiece diameter was ±10.31 µm. The 
computer control system relied on a quadrature linear scale mounted on the headstock 
to provide 2 µm resolution position feedback. Therefore, as positional accuracy was 
maintained by the control system to within ±2 µm, the remaining error of ±8.31 µm 
was attributed to the machine tool and grinding wheel wear. Causes of workpiece size 
error in machine tools include worn spindle bearings [22], incorrectly adjusted or worn 
slideways [36] and the effects of temperature on the machine geometry [ 13,63]. 
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The measured value of system time constant 'ti' was approximately 1.4 seconds 
for the rigid workpieces. The machine stiffness parameter 'Km' was derived from 
equation 17: 
Km _ -LL _2x 
26000 
_ 8.25 N/µm vsvft 45 x 100 x 1.4 44. 
where 'P' was the grinding power before spark out. From the approximate value of 
system stiffness it was shown that machine deflections in the region of 140. µm were 
experienced during the grinding of rigid workpieces. The large degree of deflection 
illustrated the reason for spark out times during conventional grinding cycles. 
However, derivation of machine stiffness from grinding wheel power consumption is 
approximate. This is because grinding force ratio varies with grinding conditions over 
time due to grinding wheel wear. 
7.3 Conventional grinding of compliant workpieces 
The effects of workpiece compliance on quality and production rates were 
assessed by application of the conventional plunge grinding cycle of the type shown in 
Figure 16 to the production of thin walled cylinder liners. The workpiece descriptions 
are given in Table 14. The cast-iron cylinder liners provided by GKN for grinding 
trials were representative of those commonly used in modern internal combustion 
engines and a diagram of a cylinder liner is given in Figure 6. Measurement of 
grinding wheel power consumption allowed workpiece compliance to be estimated. 
System performance was evaluated through measurement by the data logging system 
of workpiece diameter and of grinding wheel power consumption. Post-process 
measurement of workpiece size was performed with an S. I. P. three axis co-ordinate 
measuring machine. In-process measurement, process models, adaptive strategies and 
learning strategies were not implemented by the control system at this stage. 
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Parameter Compliant workpiece 
Initial diameter 103.600 ± 0.125 mm 
Target diameter 103.000 mm 
Internal diameter 98.000 mm 
Width 225.000 mm 
Material Cast-iron 
Table 14. Workpiece description. 
The controlled grinding parameters entered into the data base by the operator 
were values of grinding wheel speed, work speed, infeed rate and dwell time. The 
grinding parameters are given in Table 15. Although controlled grinding parameters 
were chosen that provided satisfactory grinding conditions for similar workpieces, due 
to the highly compliant nature of the cylinder liners an extended dwell time of 120 
seconds was programmed to allow spark out. 
Parameter Compliant workpiece 
Wheel speed 'vs 45 m/s 
Wheel diameter 'd5' 609 mm 
Work speed 'vw' 0.45 m/s 
Infeed rate 'vf 0.1 mm/s 
Dwell time 'td' 120s 
Average specific removal rate '1' 16.22 mm2/s 
Table 15. Controlled grinding parameters. 
Effects of grinding wheel wear on the results were minimised by grinding small 
batches of workpieces between grinding wheel dressing. After allowing two hours for 
the machine to reach a steady operating temperature grinding trials were performed in 
batches of 10 on the rigid workpieces. 
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A sample graph of deviation of workpiece size from the average batch diameter 
obtained from post-process measurements is given in Figure 33. Table 16 summarises 
the measurements of workpiece diameter after grinding. Graphs of the type shown in 
Figure 34 were produced from measurement of grinding wheel power consumption 
and workpiece size with external data logging equipment. Figure 34 describes the 
effect of the dwell time on machine power and hence grinding forces. Also shown is 
the distortion of the workpiece caused by grinding forces during the grinding cycle. 
The distortion prevents accurate in-process measurement of workpiece size. Cylinder 
liner compliance was so extreme that manual machine tool operators used an 
'overshoot' target infeed position to squeeze and distort the liner in an attempt to 
increase cutting forces and minimise dwell times. Assuming an exponential power 
decay during the spark out period, the approximate value of system time constant 
shown in Table 17 was determined. 
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Figure 33. A graph of deviation of workpiece size from the average value. 
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Parameter Compliant workpiece 
Average diameter 103.001 mm 
Maximum diameter 103.010 mm 
Minimum diameter 102.988 mm 
Standard deviation 6.782 µm 
Table 16. Summary of grinding trial results. 
Parameter Compliant workpiece 
Approx. power 25 kW 
Approx. spark out <120 seconds 
Approx. time constant >20 seconds 
Table 17. Time constant measurements. 
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Figure 34. Data log of a 'feed to size' cycle for a compliant workpiece. 
The grinding trials performed on cylinder liners indicated that, with a dwell 
time of 120 seconds, the Cincinnati No. 3 centreless grinding machine was capable of 
grinding the diameter of a small batch of compliant workpieces with a standard 
deviation of 6.78 µm. Assuming a normal distribution of results and a rejection rate of 
0.5% the machine size holding capability for compliant workpiece size was ±19.05 
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µm. As the basic process accuracy was ±10.31 µm, variations in workpiece 
compliance and initial diameter accounted for a finished diameter error of 
approximately ±8.74 µm. However, after 120 seconds of dwell period the value of 
workpiece surface texture was too low and the cycle time was excessive. 
Spark out of the cylinder liners was completed within the 120 second dwell 
period and a system time constant 'T' of approximately 20 seconds was derived from 
the power decay curve. Steady state grinding conditions were not achieved during the 
grinding time 'tg' of 6 seconds and depth of cut lagged infeed axis position. After 
feeding for 0.6 mm at an infeed rate 'vi of 0.1 mm/s the true infeed rate 'vfj' relative to 
the workpiece was derived from the compliance model [281: 
Vg=Vf(1-eti 
)=0.1 
1-e20)=0.026mm/s 45. 
The total system stiffness parameter 'K1 for workpiece and machine was therefore: 
Kt-=2P = 
2x25000 
_2.15 N/µm V5Vf't 45x20x26 46. 
where 'P' was the grinding power before spark out. From Hahn [1] total system 
stiffness is related to machine stiffness and workpiece stiffness 'Kw in the following 
manner: 
-L=_1_+_L Kt K. Kw 47. 
As machine stiffness was found to be approximately 8.25 N/µm from the previous 
trials, the workpiece stiffness was calculated to be 2.91 N/µm. From the approximate 
value of system stiffness it was calculated that workpiece deflections of up to 380 µm 
were expected during the grinding of compliant cylinder liners. The magnitude of 
predicted workpiece deflections was verified by in-process measurements of workpiece 
size. The graph of workpiece size in Figure 34 illustrates the workpiece distorting and 
appearing to'grow' by approximately 250 µm as the infeed axis advances. 
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Variations in compliance and initial size between individual workpieces 
compounded problems in achieving accurate workpiece size. Figure 35 shows 
variations in cylinder liner wall thickness that contributed to the variable compliance of 
workpieces. From this data it was determined that wall thickness varied by up to 9% 
of the average value. 
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Figure 35. Variations in cylinder liner wall thickness 
The large degree of workpiece deflection and the correspondingly low level of 
grinding force illustrated the need for lengthy spark out times when grinding thin 
walled cylinder liners with conventional grinding cycles. In order to reduce cycle times 
by reducing the dwell period required that it was necessary to consider methods of 
increasing grinding forces. 
7.4 Pecking cycle evaluation 
Early trials indicated problems arising from use of a conventional cycle when 
grinding compliant workpieces. Principally, large system deflections led to low 
grinding forces and hence low removal rates. It was therefore decided to test the 
pecking cycle illustrated in Figure 24 as a means of increasing grinding forces through 
use of a feed cycle employing an overshoot. 
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The aim of the experiment was to test the effectiveness of the intelligent control 
system in implementing a three peck cycle and of the success or otherwise of the 
pecking cycle itself. System performance was evaluated through measurement by the 
data logging system of workpiece diameter and of grinding wheel power consumption. 
Post-process measurement of workpiece size was performed with a 'match size' 
gauging system and roundness with a Talyrond. A workpiece description of the 
cylinder liners used in the trials is given in Table 18. 
Parameter Compliant workpiece 
Initial diameter 96.168 ± 0.125 mm 
Target diameter for peck 3 95.660 mm 
Internal diameter 91.000 mm 
Width 163.000 mm 
Maw Cast-iron 
Table 18. Workpiece description. 
The size of the first peck was chosen to be sufficient to provide rounding of the 
workpiece and thus an accurate measurement of workpiece size prior to the second 
peck. This was necessary as workpieces were initially out of round by over 0.050 nun 
and measurement of size was therefore unreliable. The value of overshoot used in the 
rounding cycle was calculated from the initial measurement of workpiece size, the 
required material removal and the stored value of time constant for that peck. 
Variations between the time constant used to predict an overshoot position and the time 
constant achieved whilst grinding, resulted in workpiece diameter errors that were 
detected by the sizing devices. Following the roughing cycle the workpiece diameter 
achieved was measured and the compliance model calculated a new value of time 
constant for the rounding peck. The new value of time constant was filtered and stored 
in the data base. Thus, the pecking cycle provided the developed control system with 
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the ability to compensate for varying workpiece compliance whilst also accounting for 
changes in system time constant that occurred due to changes in grinding conditions. 
The pecking cycle was defined by entering a stock allowance for each peck of 
the cycle. The pecking allowances that were used for the trials are given in Table 19. 
Peck allowance 1 0.150 mm 
Peck allowance 2 0.050 mm 
Peck allowance 3 0.000 mm 
Table 19. Pecking cycle allowances. 
The grinding trials were performed with the pecking cycle using values of 
grinding parameters for the process that were considered suitable for cast-iron [33]. 
The controlled grinding parameters that were chosen are given in Table 20. 
Parameter Compliant workpiece 
Wheel speed 'vs' 45 m/s 
Wheel diameter 'ds 609 mm 
Work speed 'VW' 0.45 m/s 
Infeed rate 'vf' 0.1 mm/s 
Average specific removal rate 'Z' 7.92 mm2/s 
Table 20. Controlled grinding parameters. 
Before an investigation into the capability of the pecking cycle could be 
performed it was necessary to determine a dwell period for the cycle pecks. Although 
project objectives were that cycle times were minimised it was important that the dwell 
period should be large enough to provide satisfactory workpiece roundness. The 
Talyrond measurements in Figure 36 illustrate the variations in roundness achieved 
with various dwell periods. A dwell period of 10 seconds was considered satisfactory 
as an error of 8 µm was within the tolerances specified by GKN. 
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Figure 36. Talyrond charts of cylinder liners for various dwell periods. 
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After allowing two hours for the machine to reach a steady operating 
temperature grinding trials were performed on large numbers of compliant workpieces. 
A graph of deviation of workpiece size from the average batch diameter obtained from 
post process measurement is given in Figure 37. Measurements of workpiece diameter 
after grinding a number of compliant workpieces with a target diameter of 95.658 mm 
are summarised in Table 21. Graphs of the type shown in Figure 38 were produced 
from measurement of grinding wheel power consumption and workpiece size with 
external data logging equipment. 
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Figure 37. Deviation of workpiece size for compliant cylinder liners. 
Parameter Compliant workpiece 
Average diameter 95.674 mm 
Maximum diameter 95.680 mm 
Minimum diameter 95.664 mm 
Standard deviation 4.107 µm 
Average cycle time 64s 
Table 21. Summary of grinding trial results. 
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Figure 38. Data log of a pecking cycle for a compliant workpiece. 
The pecking cycle was successfully implemented on the developed control 
system and grinding trials performed on highly compliant cylinder liners of the type 
produced by GKN. The three peck grinding cycle produced workpieces with a 
standard deviation of 4.107 µm. Assuming a normal distribution of results and a 
rejection rate of 0.5% the machine size capability on compliant workpieces was ±1 1.54 
µm. The accuracy achieved was acceptable when compared with the tolerance of 
±12.5 µm specified by GKN. 
The learned values of system time constant were filtered and stored in the 
workpiece data file. A graph showing learned values of system time constant is given 
in Figure 39. The value of system time constant at the point at which the grinding 
wheel became dull and workpiece surface texture deteriorated was identified by the 
machine tool operator. As system time constant was used as a measure of grinding 
wheel sharpness the operator was able to monitor the value of time constant and dress 
when sharpness declined to the predetermined level. 
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Figure 39. Learned values of system time constant. 
The developed control system employed techniques that were designed to 
improve the centreless grinding process in two ways. Optimised grinding conditions 
and control of process parameters should result in improved removal rates and 
workpiece quality. Furthermore, it was intended that production rates were improved 
by integration of the roughing and finishing cycles into one operation. The production 
rate for the developed control system operating the pecking cycle was based on the time 
taken to produce a batch of 50 cylinder liners and is described in Table 22. An average 
production rate of approximately 80 seconds was achieved. The production rate with a 
three peck cycle resulted in a saving of 41% over the 136 second production rate 
achieved with a manually operated machine tool. 
Parameter Compliant workpiece 
Wheel dress 300 s 
Loading/unloading 50 x 10 = 300 s 
Actual grinding 50 x 64 =3200 s 
Workpiece floor to floor (300+500+3200)/50 = 80 s 
Table 22. Summary of grinding trial results. 
-109- 
7.5 Evaluation of two peck cycle 
Trials of the pecking cycle were performed on-site at GKN Sheepbridge with 
the aim of further reducing the cycle time. This was achieved by reducing the number 
of pecks to two. However, although floor to floor times reduced to approximately 60 
seconds, these trials compounded problems of workpiece size accuracy, roundness and 
in particular taper. Figure 40 illustrates the taper experienced with a two peck grinding 
cycle. 
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Figure 40. Workpiece taper for two peck cycle. 
It was apparent that the shorter grinding cycle required an increase in material removal 
rate and therefore an increase in grinding forces. As the pecking cycle increased 
grinding forces through use of larger overshoot values for each peck, the workpiece 
distortion was increased. The increase in deflection exaggerated the errors arising from 
variations in compliance along the length of the workpiece. 
For the grinding of cylinder liners with the three peck cycle it was experienced 
that the workpiece scrap rate was higher on-site at GKN than that predicted by results 
from the laboratory. The production of a scrap workpiece was principally due to 
workpiece taper problems arising from variations in wall thickness of the cylinder 
liners. This problem was compounded as batches of rough-turned cylinder liners from 
different lathes were mixed prior to the grinding operation. It was suggested that the 
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adoption of a streamed or cell production environment would reduce this particular 
problem as workpiece quality would be more consistent prior to grinding. 
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Chapter 8. General discussion of findings 
The work performed encompassed a broad range of objectives. Principally 
automation of the centreless grinding process for the production of highly compliant, 
cast iron cylinder liners was achieved. A conceptual framework for modular, 
intelligent control systems was developed. The modularity of the 8600 C. N. C. system 
was well suited to the modular design of the intelligent control system framework. 
Important features were particularly the multi-tasking capabilities, the amount of 
processing power and the range of input-output options available. The conceptual 
framework was integrated successfully within the C. N. C. system. Strategies were 
developed for the improvement of material removal rates with rigid and compliant 
workpieces and these were incorporated within the intelligent control system. 
The performance of the developed machine tool automation was satisfactory for 
the purposes of the work performed. The modified grinding wheel drive provided 
enough power to remove material from EN9 steel workpieces of the type produced on 
such machines at a rate sufficient to cause thermal damage to the workpiece. Also, the 
speed capability of the drive mechanism was sufficient to run the grinding wheel at the 
maximum rated speed of most commercial wheels. The control wheel drive electronics 
were capable of achieving workpiece speeds within the range limited by chatter and 
roundness problems. The infeed axis provided good control of the infeed axis at 
typical grinding infeed rates yet maintained a high rapid traverse rate to minimise cycle 
times. Although infeed axis positioning capability was limited by the resolution of the 
position feedback transducer to ±2 µm, this was satisfactory given the tolerances of 
±12.5 tm required by GKN. 
However, certain areas of the modified machine tool mechanics were identified 
that required consideration for future work. It was noted that the grinding wheel speed 
temporarily fluctuated by up to 10% of the steady state value when a large load was 
applied suddenly. This effect was particularly exaggerated when contacting a rigid 
workpiece at a high infeed rate. An effect of the fluctuation in grinding wheel speed 
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was to cause a corresponding instability in power measurement. However, after a 
period of around 2 seconds, the grinding wheel drive regained stable operating speed. 
The prime reason for the temporary fluctuation in grinding wheel speed was the speed 
regulation capability of the grinding wheel drive electronics. The time constant of the 
d. c. thyristor drive in response to a sudden load was found to be in the order of 2 to 3 
seconds. This sluggish response was due principally to the low resolution of the 
tachometer used by the drive to monitor motor speed. More modern a. c drives with 
resolver feedback typically better this value of time constant by a factor of 10 and 
produce correspondingly better speed regulation. 
A further area for consideration involved the infeed axis drive mechanics. As 
mentioned in Chapter 5, backlash existed between the axis lead screw and the captive 
nut. This backlash presented a lag to the closed loop positioning system as the position 
transducer was positioned on one side of the backlash and the drive motor on the other. 
The amount of backlash dictated a relatively low value of gain for the positioning 
system in order to avoid instability. The low value of gain resulted in a sluggish 
response that was particularly evident when accelerating and decelerating the axis. 
Although such mechanics would cause problems in machines that interpolated two or 
more axes, the positioning capability of a single infeed axis was not found to be 
adversely affected. 
Other researchers [29,32,35,39-41] advocated the measurement of grinding 
force as a requirement for control of grinding processes. The Wickman 2K research 
grinding machine was equipped previously with differential pressure transducers that 
provided measurement of normal grinding force. However, constraints of finance and 
time meant that it was not possible to apply such force measurement equipment to the 
Cincinnati No. 3 grinding machine. Power measurement was implemented as an 
economic alternative. The power achieved during a grinding cycle is related to 
tangential grinding force and was used to determine the specific energy and hence 
efficiency of the process. The values of specific energy achieved during a grinding 
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cycle were compared with the critical specific energy predicted by the thermal model. 
This comparison ensured that material removal rates did not exceed the levels at which 
thermal damage occurred to the workpiece. Throughout the programme of work no 
workpiece burn was experienced. 
In-process measurement of workpiece size was implemented on the Wickman 
and Cincinnati grinding machines. In both cases the design of the sizing device 
employed was dictated by the lack of defined workpiece centre and the shortage of 
available space for calliper type gauges. In response to these constraints an incremental 
touch probe was employed that incorporated a linear scale. Use of a linear scale device 
for size measurement ensured high accuracy (2 gm), good repeatability, minimal drift 
and simple interfacing to the C. N. C. control system. As the probe was an incremental 
device it was necessary to first datum the probe prior to operation. The sizing device 
readings taken during a grinding cycle were used for the calculation of grinding cycle 
parameters and gap elimination purposes. Also, when grinding highly compliant 
workpieces the sizing devices indicated the level of workpiece distortion. 
Both the Cincinnati No. 3 and Wickman 2K centreless grinding machines were 
electrically interfaced to the OSAI A-B 8600 C. N. C. system. In addition to normal 
machine control functions, the design of the electrical interface provided the safety 
features required for automated processes. The first level of safety incorporated 
hardwired emergency stop and emergency infeed retract functions. A further level of 
safety was provided by the monitoring of machine status signals by the C. N. C. 
through the software interface. The machine logic interface created using the SIPROM 
interface language was responsible for controlling machine functions according to the 
current mode of operation and provided diagnostics. In conclusion, the design of the 
machine tool electrical interface was considered to provide the level of safety required 
from modern grinding machines. 
-114- 
Integration of machine tool operation with that of the C. N. C. system involved 
elements of mechanical, electrical and software design. The development of the overall 
design and its application to the machine tools expended a large amount of project 
resources. However, the purpose of this integration was to provide a suitable platform 
for development and testing of the intelligent control system structure. The control 
system design was developed from the modular conceptual framework outlined in 
Chapter 5. A key requirement of the modular approach to control system design was 
the specification of an inter-module communication protocol. This protocol ensured 
the implementation of new module designs was relatively simple. Access to system 
resources such as the data base and machine I/O by the modules was facilitated by the 
open architecture design of the 8600 C. N. C. on which the control system was 
implemented. The concept of autonomous operation of modules has much in common 
with modern object oriented programming techniques. In brief, the control system 
featured machining cycle design, operator input and output, data base management and 
process modelling. Execution of the programmed cycles was controlled by the 
executor function. 
It was intended that the control system design should be applicable to a range of 
machining processes. However, project objectives involved an investigation into 
optimisation of the centreless grinding process with particular reference to the 
production of highly compliant, thin walled cylinder liners. Consequently, there was a 
requirement for both the application of existing and design of new process models and 
cycle designs. 
Process optimisation through maximising material removal rates required that 
the control system learned improved values of the controlled grinding parameters of 
infeed rate and work speed. The rules by which this learning procedure was achieved 
were based on the fact that material removal rates were optimised at or near the burn 
boundary [33]. Therefore, optimisation of grinding parameters was based on 
operation of the process at the boundaries of available machine power and thermal 
-115- 
damage to the workpiece. As machine power was monitored by the control system in 
order to implement the optimisation strategy it was necessary to model the thermal 
boundary by incorporating a thermal model. The thermal model [44] employed 
predicted the power level for the onset of thermal damage based on current grinding 
parameters and power consumption. This approach generated improved grinding 
parameters for specific workpiece and grinding wheel geometries. However, it was 
considered important to incorporate a technique by which improved grinding 
conditions were learned in a manner that was not specific. To achieve this aim the 
kinematic model developed by Rowe [33] was employed. By storing values of chip 
shape ratio and volume, kinematic modelling provided repeatable grinding conditions 
for a range of workpiece and grinding wheel geometries. 
Whilst the strategies employed for optimisation of material removal rate were 
applicable to a wide range of grinding processes, the highly compliant cylinder liners 
produced by GKN required that process optimisation was achieved in an alternative 
manner. An effect of both machine and workpiece compliance is that deflections 
arising from grinding forces cause a lag between applied and actual infeed position. 
The extreme compliance of the cylinder liners led to large deflections and ensured that 
the material removal rates were limited as steady state grinding conditions were not 
achieved. Analysis of the manual production techniques in use at GKN indicated that 
only 25% of the time taken to produce a cylinder liner involved actual grinding. The 
remaining time was spent on the non-productive loading, unloading, dressing and 
measuring operations arising from the separate rough and finishing cycles. Therefore 
in order to optimise the process it was important to consider the production cycle as a 
whole rather than concentrate on removal rate objectives. 
A major improvement in productivity was achieved through the removal of 
separate rough and finish grinding processes. This was possible due to improvements 
in grinding conditions arising from the use of high grinding wheel speeds. Under 
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these conditions it was found that satisfactory surface texture was obtained without 
compromising the removal rates necessary for the roughing cycle. 
A compliance model [28] was integrated within the control system in order to 
predict the profile of true infeed position during a grinding cycle given knowledge of 
system compliance. A pecking cycle that used an overshoot position predicted by the 
compliance model was devised. The pecking cycle divided the grinding cycle into a 
number of rough and finish stages. For each stage or peck a target diameter was 
programmed and the compliance model calculated the target infeed position that 
produced the required true infeed position. After each peck the sizing devices were 
used to determine the true workpiece compliance from the error between predicted and 
actual material removal. 
Trials performed with the pecking cycle indicated that three pecks provided 
optimum performance. The three peck cycle yielded a 41% reduction in cycle time 
over the production rate achieved with a manually controlled machine tool. Workpiece 
quality was within the range specified by GKN. A manually controlled machine tool 
produced workpieces at a rate of 26 per hour which, based on an estimated operating 
cost of £10 per hour, resulted in a cost of 38p per liner. However, the cost per liner 
was reduced with the automated process to 22p per liner. Therefore, assuming an 
approximate cost of £30,000 for automation of the machine tool, outlay was recovered 
after production of 187,500 cylinder liners. With the machine producing liners for 16 
hours per day the payback period was approximately 1 year. It was evident, based on 
these figures, that automation by retro-fitting was an economic solution to the 
production of cylinder liners. 
Various techniques and cycles were implemented before the three peck grinding 
cycle was proposed. A two peck cycle was rejected as errors in workpiece roundness 
before grinding produced unreliable sizing device measurements prior to the roughing 
cycle. These measurements led to errors in the compliance calculations and adversely 
affected the performance of the final finishing cycle. The three peck cycle improved 
-117- 
matters as the first peck was effectively a workpiece rounding cycle. Subsequent 
pecks based on reliable workpiece size information were able to accurately rough and 
finishing the workpiece. 
The intelligent control system adapted readily to the different strategies 
employed in the production of the cylinder liners. From early system trials with 
conventional, rigid workpieces to the pecking cycle required only integration of the 
appropriate modules and creation of the necessary cycle description. The data base 
stored workpiece descriptions for a range of cylinder liners produced by GKN and the 
materials from which they were produced. Grinding wheel data was limited as GKN 
regularly used only one grade of grinding wheel. 
However, workpiece taper was a problem beyond the capability of the control 
system at the point to which it was developed. Attempts to further reduce cycle times 
by increasing system deflection and reducing dwell periods led to both taper and 
roundness problems. The workpiece taper experienced varied widely from workpiece 
to workpiece and was the result of inaccuracies in the early stages of the manufacturing 
process. Whilst it was conceivable to incorporate a model of workpiece taper within 
the control system structure, this was beyond the scope of the project. Particularly, 
there was no method available on the machine tool by which it was possible to 
automate the control wheel angle adjustment and hence provide control over workpiece 
taper. 
The internal and external diameters of the cylinder liners were rough turned 
prior to finishing by the centreless grinding process. A number of multi-spindle lathes 
were employed to perform the rough turning operation. The dimensional accuracy of a 
rough turned cylinder liner depended on the condition of the lathe and the spindle on 
which it was produced. The manufacturing process employed by GKN ensured that 
consecutive workpieces presented for grinding were not rough turned by the same 
lathe. It was suggested that streamed or cell production would improve the consistency 
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of rough turned workpieces supplied for grinding. It was considered that this 
approach would minimise the taper problem and allow further reductions in cycle time. 
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Chapter 9. Conclusions 
An improvement in the production rate of highly compliant cylinder liners by 
the centreless grinding process can be achieved through automation of the machine tool 
and integration of an intelligent control system within a commercial C. N. C. It has 
been shown that retro-fitting of an intelligent control system to a manually controlled 
grinding machine allows a payback period of 1 year to be attained. 
Process modelling, learning strategies, adaptive strategies and process 
measurement are key requirements for intelligent control of grinding processes. 
Benefits of creating a conceptual framework for an intelligent control system that 
integrates these requirements with data base management, machine control and operator 
interaction have been demonstrated. Adoption of the conceptual framework allows an 
intelligent control system to be developed rapidly and in an organised manner. 
Definition of the distinct, modular control system elements and the interface between 
these elements simplifies the development and integration of the control system 
strategies. 
Whilst the merits of integrating the control system framework within a host 
computer system can be argued it is concluded that there are benefits arising from 
integration of the control system within a commercial C. N. C. system. The primary 
reason for this conclusion is to reduce system complexity and cost. The 8600 C. N. C. 
system is amenable to integration of the control system framework by virtue of its 
multi-tasking operating system and the ability to incorporate high-level language 
programming modules. 
For highly compliant workpieces an increase in material removal rate through 
the adaptive control of infeed rate and workpiece speed does not provide a significant 
increase in workpiece production rate over that achieved with a manually controlled 
machine. This is because separate rough and finishing processes ensure that only a 
small proportion of production time is actually spent grinding. Also, the high level of 
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compliance ensures that steady state deflections are not achieved during a grinding 
cycle. Therefore, the material removal rates that can be achieved are limited by the 
system compliance. The ability to reduce the non-productive cycle time is identified as 
the most effective way of improving production rate. Improvements in the capability 
of the manual machine tool can be achieved as a consequence of automation and 
interfacing to a C. N. C. In particular, employing a high speed, high power grinding 
wheel drive system permits improved material removal rates whilst maintaining 
satisfactory workpiece surface finish. It is therefore not necessary to perform separate 
rough and finish grinding cycles with an automated machine. Also, the control of the 
infeed axis position and feed rate that results from machine automation ensures that the 
grinding cycles specified by the control system are performed accurately. 
System deflections that are experienced during a cycle are due to the effect of 
grinding conditions and hence grinding force on the compliant workpiece and machine. 
An intelligent control system is able to compensate for system deflections and produce 
highly compliant cylinder liners to the specified size tolerances. Use of an overshoot 
infeed position permits dwell times to be reduced for highly compliant workpieces. 
Incorporation of a compliance model within a control system allows the overshoot 
position required for a workpiece to be predicted based on a value of system time 
constant. 
Implementation of a pecking cycle strategy allows a control system to 
compensate for variable system compliance. A pecking cycle requires that particular 
process models, learning strategies, process measurement and machine control cycles 
are integrated within the framework of a control system. Specifically, such a control 
system is able to model the effects of system compliance and learn the true compliance 
of each individual workpiece through in-process measurement of workpiece size. 
Therefore, a pecking cycle is able to use data gathered from roughing cycles in order to 
predict an appropriate finishing cycle. Changes in grinding conditions due to such 
factors as grinding wheel wear are characterised by a corresponding change in system 
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time constant. An intelligent control system can account for these changes by learning 
the current value of system time constant and modifying the grinding cycle 
accordingly. Results of grinding trials indicate that implementation of a pecking cycle 
within an intelligent control system allows highly compliant workpieces to be produced 
with significantly reduced floor to floor times. 
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Chapter 10. Suggestions for future work 
It is considered that use of the control system conceptual framework simplified 
development of the intelligent control system for the centreless grinding process. 
However, the framework was not applied to other processes during the course of this 
work. The modular nature of the control system suggests that it could be applied to 
other processes. In particular the external and internal cylindrical grinding process is 
amenable to the concepts proposed. The principal difference between external 
cylindrical and centreless grinding involves the use of a centred workpiece in the 
cylindrical process. Otherwise there are many similarities between the two processes. 
There has been much research into intelligent control of the cylindrical grinding process 
involving process modelling and adaptive control. It could be beneficial if the 
conceptual framework was used to structure and integrate these varied ideas into a 
realisable intelligent control system. 
An improvement in material removal rates through the optimisation of grinding 
conditions for the centreless grinding process was a feature of the intelligent control 
system. Optimisation was performed using adaptive control of infeed rate and work 
speed to approach the burn boundary. A thermal model was employed to ensure 
grinding conditions did not produce workpiece burn. However, it was clear that high 
material removal rates were not possible for the cylinder liners due to the values of 
compliance experienced. Consequently the work concentrated on the development of 
alternative techniques for reducing overall cycle times. Further trials with the thermal 
model and optimisation strategies for more rigid workpieces would provide useful data 
for comparison with other optimisation techniques. The strategies employed could 
equally well be tested on other grinding processes. This would require development of 
appropriate thermal models and identification of the particular process limits. 
-123- 
The strategies employed for optimisation of grinding conditions were designed 
to adjust the controlled grinding parameters after each grinding cycle. This approach is 
suitable for high volume production where productivity is not affected significantly by 
the small number of grinding operations required for learning a workpiece and grinding 
times are relatively low. However, the control system was capable of performing 
adaptive control of infeed rate in real-time. Further system development and testing of 
techniques for controlling infeed rate to provide constant grinding power could be 
beneficial. It is suggested that constant power grinding could improve productivity in 
applications where long grinding times are required. Also, the ability to control infeed 
rate dynamically would allow implementation of gap elimination techniques based on 
the measured rise in power that occurs when the workpiece first contacts the grinding 
wheel. 
System time constant describes the effect of grinding forces and system 
compliance on machine and workpiece deflections. Therefore, the value of system 
time constant depends on machine and workpiece compliance together with the current 
grinding conditions. Measurement of system time constant provides a system with the 
ability to cater for compliance and the changes in grinding forces that occur due to 
varying grinding conditions. A compliance model was developed for the centreless 
grinding of highly compliant cylinder liners. The model allowed the control system to 
predict grinding cycles that minimised dwell times by using an overshoot position. 
Extended dwell times are often required when grinding small diameter workpieces by 
the cylindrical grinding process. Further development of the compliance model could 
provide a system with the ability to reduce cycle times for the cylindrical process 
through use of an overshoot position. The pecking cycle might equally be employed to 
provide measurement of system time constant. 
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A rule employing a simple filter was employed for learning the changing value 
of system time constant. A similar rule was used for maximising power by adapting 
infeed rate on the basis of power achieved during the previous grinding cycle. 
Alternative strategies could be investigated that allow more information about the 
process to be extracted from the measured data than is possible with a filter of the type 
employed. Such learning strategies could be easily implemented within the developed 
control system framework. 
Other techniques for the measurement of system time constant are possible 
using high speed data acquisition systems. In particular measurement of the 
exponential rise and fall of grinding wheel power during the infeed and dwell phases of 
the cycle could allow a system to derive values of system time constant in real-time. 
This could potentially eliminate the requirement for a pecking cycle to learn the 
compliance of an individual workpiece by performing multiple passes. 
The work described utilised power measurement to provide an indication of 
grinding forces and to derive system time constant. This was a practical approach 
considering the design of the machine tool and economic restraints. The incorporation 
of force measurement by machine tools designers would provide a more accurate 
indication of grinding conditions. This approach would allow derivation of both 
normal and tangential grinding force whilst eliminating the effects of grinding wheel 
drive system response that are experienced with power measurement. It is envisaged 
that the cost of force measurement systems would be minimised when designed into a 
machine tool from the outset. Applicable techniques include the differential 
measurement of oil pressure from hydrostatic grinding wheel bearings and the use of 
load cells within the workplate arrangement. 
An investigation into techniques for the correction of workpiece taper in the 
centreless grinding process could be beneficial. Taper problems are experienced with 
both rigid and compliant workpieces. Particular difficulties are experienced when 
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grinding flanged cylinders. Most centreless grinding machines feature manual 
adjustment of the control wheel angle in the horizontal plane to allow a machine setter 
to minimise taper. However, the degree of taper experienced may vary due to changes 
in grinding conditions and the corresponding variations in grinding forces. Continual 
adjustment of control wheel angle may therefore be required. It is suggested that 
automation of control wheel angle adjustment would provide the capability for an 
intelligent control system to control workpiece taper. 
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Appendix 1. Publications based on the project work 
This appendix includes papers related to the work described in this thesis that 
were published by the research group during the course of the project. The paper 
entitled 'Intelligent CNC for grinding' was awarded the 1991 Joseph Whitworth Prize 
by the Engineering Manufacturing Industries Division of the Institution of Mechanical 
Engineers. Other publications by members of the research group are listed in the 
reference section of this thesis. 
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Appendix 2. Electrical interface diagrams 
The design of the electrical interface required for integration of the automated 
Cincinnati No. 3 centreless grinding machine with the OSAI A-B 8600 MCI TC C. N. C. 
system is included in this appendix. A double bay panel fitted with heat exchanger was 
used to house the electrical components and the C. N. C. rack. The C. N. C. console 
and operator push button station were housed in a pendant to allow the operator access 
to the control system whilst operating the machine. 
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Appendix 3. Control system software 
This appendix includes listings of the software developed for the OSAI A-B 
8600 MC/TC C. N. C. system in order to implement the intelligent control system 
described in this thesis. 
Appendix 3.1 Control system characterisation riles 
Characterisation files are required by the 8600 C. N. C. in order to customise 
operation of the system for the machine tool on which it is installed. The 
characterisation files listed in this appendix were used to customise the C. N. C. for use 
with the intelligent control system that was implemented on the automated Cincinnati 
No. 3 centreless grinding machine. 
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Appendix 3.2 Siprom interface program 
The purpose of the Siprom interface program listed in this appendix was to 
interface the functions of the C. N. C. required for machine control with the electrical 
design of the automated Cincinnati No. 3 centreless grinding machine. 
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Appendix 3.3 CSI routines 
The CSI modules listed in this appendix were created off-line on an IBM PC 
compatible computer using the Intel high level language PLJM-86 and assembler ASM- 
86. CSI programming was used in the intelligent control system for data base 
management, file handling, to provide custom screen displays and to perform complex 
mathematical operations whilst communicating with software at other levels in the 
system. 
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Appendix 3.4 Part-program routines 
This appendix includes the part-program routines that were employed in the 
intelligent control system design. The part-program routines provided the operation 
sequence for the intelligent control system and provided the link between Siprom, CSI 
and 8600 operating system software. 
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Appendix 4. Custom screen displays 
This appendix includes the principal displays that were generated by the CSI 
and ASSET programs for the intelligent control system. Figure 41 illustrates the initial 
system setup data display generated by CSI. Real time data is output by CSI in the 
displays illustrated in Figures 42 and 43. An example of workpiece definition data is 
illustrated in the ASSET generated display of Figure 44. 
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